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THE DISTILLATION, EXTRACTION, AND CHROMATOGRAPHIC 
SEPARATION OF THE C,-C; FATTY ACIDS! 


By D. FAIRBAIRN AND R. P. HARPUR 


Abstract 


Thirty-five milliliters of an aqueous solution containing 5 to 70 micromoles of 
volatile C. to Cs acids was distilled to constant volume without refluxing. The 
distillate was titrated, made alkaline, and evaporated to dryness at 110°C. The 
free acids were regenerated by the addition of 0.03 ml. of 10 V sulphuric acid, 
absorbed on filter paper, and extracted quantitatively with 3 ml. of chloroform-— 
butanol (99:1). Acids present in the extract were separated by chromato- 
graphy on a composite silica-gel column employing two internal indicators, and 
after elution were determined by titration, the details for which are given. The 
preparation of a reproducible silica is described 


Introduction 


The use of silica gel for the quantitative separation of small amounts of fatty 
acids, ranging from acetic to butyric (2, 12, 17), valeric to decanoic (18), and 
undecanoic to stearic (19), has been reported from several laboratories. In 
general, different solvents (both developing and stationary), separate columns, 
and separate samples of acids have been required for the analysis of each group 
of acids. The only method reported which attempts to bridge the gap between 
two groups of acids is not presented in sufficient detail (15). Difficulties have 
been encountered in the preparation of reproducible silicas (6), and there is no 
method available for the quantitative transfer of milligram quantities of the 
lower fatty acids from the aqueous solutions in which they usually occur to the 
small volumes of organic solvents required for the chromatographic analysis (3).° 


Our investigation of the fatty acids excreted by nematode parasites made 
the use of a single small sample imperative, despite the fact that these acids 
varied in constitution from acetic to hexanoic and higher. Moyle, Baldwin, and 
Scarisbrick (11) successfully separated the acids in the acetic to octanoic range 
by the use of three separate buffered-silica columns, together with a fractional 
titration of the eluate. Unfortunately, their method is laborious and unsuitable 
for numerous analyses. 


As already reported (4) it has been possible to modify the original methods 
of Ramsey and Patterson (17) and of Elsden (2) in such a way that acetic, 
propionic, butyric, valeric, hexanoic, and octanoic acids may be quantitatively 

1 Manuscript received February 21, 1951. 
Contribution from the Institute of Perasitology, McGill University, Macdonald College, 


P.Q., with financial assistance from the Na..onal Research Council of Canada and Swift and 
Company. 
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separated and estimated when presented in a single small sample. We now wish 
to present further details of the chromatographic analysis, together with a de- 
scription of a simplified distillation procedure and a micromethod for the extrac- 
tion of the fatty acids from water to chloroform—butanol. Application of the 
latter procedures to aqueous solutions containing 5 to 70 micromoles of indi- 
vidual or mixed C2 to Cs saturated fatty acids makes the entire sample available 
for chromatographic analysis. 


Experimental 
Reagents 

Silica was prepared from commercial sodium silicate solution (40°-42° Bé.) 
by a modification of the method described by Gordon, Martin, and Synge (6). 
Seven batches of silicate obtained from two manufacturers (Mallinckrodt 
Chemical Works; General Chemical Company) have vielded gels which are 
virtually identical with one another. 

The sodium silicate solution (500 ml.) was diluted with two volumes of water 
and the gel precipitated by the careful addition of concentrated hydrochloric 
acid in the presence of a trace of methyl] orange. Acid was added until thymol 
blue, used externally, indicated pH 8.5, and at such a rate that the temperature 
of the suspension did not rise above 28°C. The hydrogen ion concentration of 
the suspension was maintained constant for four hours, after which the gel was 
washed with water, resuspended in water, and hydrochloric acid added so as 
to give a final concentration of 0.2 NV. After 48 hr. ageing at 20°-24°C., washing 
by filtration was repeated until the filtrate washing reached pH 2. The washed 
gel was dried in a hot-air oven for 48 hr. at 110°C., sized through a No. 30 U.S. 
standard sieve (nominal aperture 0.589 mm.), and returned to the oven for a 
further period of 48 hr. It was then placed in a tightly stoppered bottle and 
stored at room temperature for periods of several months without any apparent 
change. 

Chloroform (U.S.P.) was washed with dilute alkali, then with water, dried 
over calcium chloride and distilled through a short Vigreux column. This sol- 
vent was recovered after use by application of the same procedure. Reagent 
grade n-butanol was used without further purification. 

All solvent mixtures were made by volume; the mixtures routinely used were 
chloroform—butanol 199: 1, 99: 1, and 9: 1 (CB,, CBi, and CByo), respectively. 
Unless stated to be ‘‘dry”’ all mixtures of chloroform—butanol were equilibrated 
with 1/10th volume of water and filtered through a coarse paper before use. 

Sodium ethoxide (0.01 N) was prepared by the addition of 0.55 ml. of an 


aqueous saturated sodium hydroxide solution to 1 liter of pure, carbon dioxide- 
free absolute ethanol. 


Titration 
Separate acids and mixtures of acids dissolved in 30 to 35 ml. of water, 
chloroform, or chloroform—butanol were titrated with 0.01 NV sodium ethoxide, 
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using one drop of 3% phenolphthalein (in aldehyde-free absolute ethanol) as 
indicator. In all titrations the appropriate blank value was subtracted. 


Chloroform and aqueous solutions received a preliminary gassing (two and 
five minutes, respectively) with carbon dioxide-free air at the rate of 350 ml. 
per minute, and gassing was continued during the titration. The titration 
vessel was a 100 ml. beaker covered with a glass plate. The tips of the burette 
and the gassing tube passed into the solution through two holes in this plate. 


Although cresol red has been recommended for use in this type of titration 
(11), this indicator could not be used in the present investigation because of 
the formation of a highly acid residue when the solution was evaporated to 
dryness by the procedure to be described later. 


Distillation of Acids 


Volatile acids may be separated from other components in the medium by 
steam distillation. A more convenient method, in which excessively large vol- 
umes of distillate were avoided, was to distill the medium without reflux. 


Thirty-five milliliters of the solution containing the fatty acids was acidified 
to Congo red paper by addition of 1 N sulphuric acid, and transferred to the 
modified McClendon flask (9) (Fig. 1). The flask was jacketed with a 40 oz. tin 
can which rested upon an asbestos board base. The nipple at the bottom of the 
flask passed through a hole in the center of the asbestos base and a smooth dis- 
tillation was obtained by applying heat from a microburner to the nipple. The 
heat input was adjusted so that the temperature of the air jacket, at the level 
of the side arm, ranged from 95°-100°C. Foaming was prevented by the addi- 
tion of a small amount of silicone (Antifoam A, Dow Corning Corp.) to the 
contents of the flask. Distillation was continued until the residual volume in the 
flask was 1.7 ml. The distillate was titrated and transferred to a 50 ml. Erlen- 
meyer flask. A 2 ml. excess of 0.01 N alkali was added, and the solution was 
evaporated to dryness by allowing it to stand overnight in a hot-air oven at 
110°C. 


Acids in the C, to Cs range distilled quantitatively. Acids higher than Cs were 
not examined. The distillation of acetic and propionic acids was not quanti- 
tative, but by arbitrarily fixing the initial and final volumes of the solution in 
the flask at 35 and 1.7 ml., respect:vely, it was found that 80 to 81% of the 
acetic, and 97% of the propionic, distilled with such constancy that an appro- 
priate correction could be made at the completion of the analysis. The re- 
covery of formic acid was about 70% but since specific methods for the esti- 
mation of this acid and its destruction prior to distillation are well known (5) 
it should be possible to alter the scheme of analysis when the need arises. 


Acids such as pyruvic and lactic, if present, are distilled to a small extent. 
Such acids do not interfere with subsequent analysis, since they are not eluted 
from the chromatographic column. 
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Fic. 1. Distillation flask. 


Extraction of Acids 

The analysis of small quantities of acids requires that the whole of, or at 
least a large proportion of, the acids be transferred to the chromatographic 
column. Previously existing methods (2, 17) are unsatisfactory for micro- 
quantities of acids.* The following method was found to be satisfactory. 


The 50 ml. Erlenmeyer flask containing a dry film of the C2, to Cg sodium 
salts was removed from the oven, corked, allowed to cool, and extracted within 
12 hr. One drop (0.03 ml.) of 10 N sulphuric acid was added and spread quickly 
and completely over the bottom of the flask with a glass rod. Two circles of 
coarse filter paper (12 mm. diameter, Reeve Angel, No. 202) were added and 
moved rapidly but firmly round the bottom of the flask. This latter operation 


* Neish (13, 14) has described recently a method for transferring acids in aqueous solution to a 
stlica (Celite) column, 
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was greatly facilitated when the end of the glass rod was not fire-polished. One 
milliliter of dry CB, was then run into the flask and swirled gently once or 
twice. The circles were removed from the flask with stainless steel forceps and 
placed in a small funnel (Fig. 2), which contained already a single circle of filter 
paper wetted down with dry CB,. A small dropper was used for washing the 
forceps and stirring rod. The solution in the flask was then poured at a mod- 
erate rate into the funnel, through which it passed into a 3 ml. volumetric flask. 
The Erlenmeyer flask contents and the filter paper were further extracted with 
1.0 and 0.5 ml. portions of dry CB;. After it was made to volume, the extract 
was ready for analysis. As a rule 2 ml. was placed on the column and 1 ml. was 
titrated in order to check the efficiency of the extraction. 


° ‘ 2 
| 
cm. 

















Fic. 2. Microextraction funnel. 


When judged by titration values alone, C; to Cs acids were extracted com- 
pletely from aqueous solution by this method. Acetic acid extraction was 95 to 
96%, and quite constant. Subsequent chromatography of the extracts showed 
that some changes had occurred when the sodium salts were dried at 110°C. 
Mention of this point will be made later. The recovery of formic acid was so 
low (75%) that in this case the method is unreliable. 


Preparation of Silica Columns 


Although an external indicator (12) and fractional titration (11, 16) have 
been used for the detection of fatty acids as they are eluted from a chroma- 
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tographic column, their detection by means of an internal indicator is simpler 
and more convenient. In addition, it is desirable that a column may be used 
more than once, and that it should be easy to prepare. It was with these points 
in mind that the following method was developed. 


Water, alkali, and indicator were mixed with sufficient silica for 10 or more 
columns. The different solutions added are shown in Table I. 


TABLE | 


PREPARATION OF SILICA FOR STORAGE AT —20°C. 


Column Silica Indicator (0.20%) | NaOH (0.1 V) |Water Additions 





(gm.) (ml.) (ml.) | (ml.) | before slurrying* 
Alphamine red R** 20 10 8 3 0.7 ml. water 
Bromocresol green 20 5 16 - 0.7 ml. NaOH 











* The total volume of water required for different preparations of silica may vary slightly. 
** R-NH, indicator (8) (Alphamine red R (Herstein), Amend Drug and Chemical Corp., 
New York). 


The silica was mixed carefully with the ingredients shown and portions of the 
mixture corresponding to 2 gm. silica were weighed into small dry bottles which 
were stoppered tightly and stored at —20°C.* For the preparation of a column, 
the silica was poured from the small bottle into an evaporating dish or mortar. 
The last column in Table I shows the amount of water, or alkali solution, which 
it was necessary to add at this point to reach the full water capacity of the 
silica. After thorough mixing of the extra water or alkali, CB, was added in 
5 ml. portions and the gel slurried. The slurry was poured into a glass tube (14 
mm. internal diameter) and packed with gentle pressure. An alphamine red R 
and a bromocresol green column were prepared in this manner and joined in 
series. It may be mentioned that the techniques described by Neish (12) are 
helpful in obtaining evenly packed columns. 


Two or three milliliters of CB; containing the acids to be analyzed was added 
to the upper (alphamine red R) column and pressure was applied by the simple 
arrangement described previously (4), until the solution had passed into the 
upper column. This was followed by two washings with 1 ml. portions of CB, 
and development of the chromatogram with the same solvent. Valeric and 
higher acids passed quickly into the second (bromocresol green) column, 
which was considerably more alkaline than the first. When the butyric acid 
band reached the bottom of the alphamine red R column, the columns were 
separated and the two groups of acids were developed independently with CB. 
CBio was used for the elution of propionic and acetic acids. Each column may 
be used three or four times, although the visual sensitivity of the alphamine 
red R column decreases gradually. 


* Storage at temperatures above O°C. resulted in undesirable changes in the silica with respect 
to its water-holding capacity, together with increased threshold volumes and degree of ‘‘tailing’’ of 
the individual acids. 
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Separation and Determination of Acids 


A typical example of the type of analysis for which the method may be used 
has already been given (4). However, in the elaboration of the method it was 
necessary to carry out a more detailed investigation of the behavior of the fatty 
acids on the columns under consideration. 


From a study of the Rr values, Elsden (2) demonstrated that the rate of 
passage of a given acid through a silica column decreased with decreasing con- 
centration of the acid. This observation was confirmed using threshold volumes 
instead of Rr (Fig. 3). In addition, we observed that the threshold volume 
of a given acid decreased in the presence of the next lower, or following 
acid (Fig. 3). It is apparent that these effects, if sufficiently strong, will lead to 
confusion in the identification of an acid by threshold volume or Rr value 
alone. Fortunately, neither effect is large enough to limit the usefulness of the 
method. It should be noted that the data shown in Fig. 3 were obtained by 
using CB, as the eluting solvent throughout. In an actual analysis this solvent 
is used only until the threshold volume of butyric acid is reached. 

N-VALERIC 


N-BUTYRIC 
> | | [PROPIONIC 


30r ° Vf 
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g \\ 
5 20 + # iO \ 
: \ x 
3 ' be 
Ae 
\ \ 
O 
= \ 


4 
. . 


L i i 1 ‘4 L 
0 20 40 60 
THRESHOLD VOLUME (MI) 
Fic. 3. Relationship of threshold volume* to concentration: effect of one acid upon another. 
O single acid. 
A 30 micromoles of the next lower acid also present. 
* CB; was used as developing and eluting solvent. 








The efficiency of the chromatographic column in the separation of varying 
concentrations of the C. to Cs acids in synthetic mixtures is shown by the 
results in Table II. In Expts. 1 to 8 the acid mixtures were prepared directly in 
CB;; in Expt. 9 the mixture was prepared in water, distilled, dried, and ex- 
tracted before application to the column. 


It is apparent from the table that considerable variation in the relative 
proportions of acids is permissible except in the separation of small amounts 
of valeric from much larger amounts of butyric acid. Another point of interest 
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TABLE II 


DETERMINATION OF VOLATILE ACIDS IN SYNTHETIC MIXTURES 

















Experi- Micromoles of acid added and (in parenthesis) recovered Total acid 
ment recovered 
No.* | Octanoic | Hexanoic | Valeric | Butyric | Propionic | Acetic (%) 

1 5.3 (15.0)| 7.4 (7.7) {15.5 (16 — — — 100 

2 _ 3 (4.1) |16.4 (16.6)| 4.3 (4.3 — - 100 

3 | — 16.4 (16-4)\17.2 G4 ) 0.0 (0. 1) | 4.6 (4.6) | — 101 

4 — — 17.2 (16.9)| 4.2 (4.2) | 4.6 (4.6) | —- | 99 

5 — — | 4.3 (8. 33 16.9 (17.5) — te | 100 

6 — 14.8 (14.5) 15.5 (15 2.5 (2.6)| 2.7 (2.7) | 2.9(2.9) | 100 

7 — — ‘16. 9 (16.9)| 4.6 (4.6) | 19.4 (19.2) | 99 

8 9 2 (8. 8) |12.6 (12.9)|11.9 (11.8)|10.4 (10.3)|15.0 (14.8)| 16.7 (16.7) | 99 

9 .1 (6.0) | 6.4 (6.8) | 6.5 (6.2) | 6.7 (6.5) | 6.5 (6.4) 6.4 (6.7) | 98 





* Acid mixtures in Expts. 1-8 were prepared in CB, and chromatographed directly. The 
mixture in Expt. 9 was prepared in 35 ml. of water, distilled, neutralized, dried, extracted into CB, 
and then chromatographed. In this experiment propionic and acetic acid recoveries were corrected 
for known losses during distillation and extraction (see text). 


in this table is the separation of subvisible amounts of butyric, propionic, and 
acetic acids. In general, 4 to 7 micromoles of hexanoic and valeric acids, and 3 
to 5 micromoles of butyric, propionic, and acetic acids must be present if the 
appropriate band is to remain visible when the threshold volume of the acid is 
reached. Usually the sharper bands present at the top of the column during the 
initial separation permit the visual detection of somewhat smaller quantities. 
If the presence of an acid is suspected, even though the acid itself is not visible, 
it is usually possible to make the determination from a knowledge of the 
threshold volumes, and the volume of eluate necessary for the complete col- 
lection of the preceding acid. In Expt. 3, for example, butyric acid was absent. 
In analyzing this sample the hexanoic and valeric acids passed quickly from the 
alphamine red R column on to the bromocresol green column. The columns 
were divided after 21 ml. of solvent had passed through, that is, at the thres- 
hold volume for a subvisible amount of butyric acid (see Fig. 3) had this acid 
been present. Titration of the eluate preceding propionic acid then showed that 
butyric acid was absent. In Expt. 6, with a subvisible amount of butyric acid 
present, the same procedure was applied and a quantitative recovery of this 
acid was obtained. The same mixture contained amounts of propionic and 
acetic acids which were clearly visible when still near the top of the column 
but which were barely visible when their threshold volume was reached. These 
acids were also recovered quantitatively. 


Expts. 1 to 8 demonstrate the efficiency of separation of pure acids which 
have not been subjected to the distillation, drying, and extraction required for 
unknown aqueous mixtures. As already reported (4) octanoic and heptanoic 
acids are not separated by this method and the separation of heptanoic from 
hexanoic acid is incomplete (80%). Expt. 9 shows the results obtained when 
the six acids were prepared in aqueous solution and submitted to the complete 
analytical procedure. Propionic and acetic acid recoveries were corrected for 
known losses in the distiJlation and extraction. The total recovery fell to 98%, 
with most of the Joss accounted for in the octanoic acid fraction. This loss of 
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octanoic acid occurs for the most part when it is dried (as the sodium salt) at 
110°C. under the conditions described. No method for overcoming this diffi- 
culty has been found as yet. 


Discussion 


The choice of indicators for the columns was dictated by the following con- 
siderations. With bromocresol green, only limited concentrations of butanol 
may be used without excessive leaching of the dye. This renders the elution of 
the lower acids difficult. On the other hand, alphamine red R is not leached by 
comparatively high concentrations of butanol but unfortunately this indicator 
is not as sensitive as bromocresol green and may only be used over a limited 
alkali concentration range. Hence it was necessary to construct a composite 
column which made use of the chief attributes of each indicator. 


Although paper chromatography has been used for the qualitative analysis 
of the volatile fatty acids (1, 7), it may be mentioned that the bromocresol 
green column alone is also suitable for this purpose. The silicas prepared in this 
laboratory, in addition to being reproducible, have been used successfully in 
other methods for Cz to C4 acids (12) and for Cs to Cio acids (18). 


In view of the disagreement which exists concerning the use of the term 
“partition chromatography” in describing phenomena of the type which have 
been presented (discussed in Reference 10), we have adhered for the present 
to the unmodified “chromatography.’’ Nevertheless, it is clearly recognized 
that partition between solvents plays an important part in the separation of 
the C. to Cs acids, despite the strong suggestion of absorptive effects shown 
by the curves in Fig. 3. 


Finally, it may be emphasized that with a suitable silica and some experience 
in the preparation of columns, the chromatographic method is comparatively 
simple. The limits of analytical precision reside, not in the chromatographic 
separation, but in the associated techniques. 
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STUDIES ON RDX AND RELATED COMPOUNDS 
IV. THE BACHMANN OR COMBINATION PROCESS! 


By H. L. WILLIAMS AND C. A. WINKLER 


Abstract 


The effect of varying the concentrations of nitric acid and ammonium nitrate 
on the yield of RDX has been determined at 35°C., using hexamine, hexamine 
mononitrate, and hexamine dinitrate. The activation energies for the formation 
of RDX from hexamine, hexamine mononitrate, and hexamine dinitrate were 
found to be approximately 11 kcal., 12.5 kcal., and 16.5 kcal., respectively. 


Introduction 


A study of the production of RDX from ammonium nitrate, paraformal- 
dehyde, and acetic anhydride, reported in a previous paper (2), indicated that 
hexamine dinitrate and nitric acid were intermediates in the reaction. Con- 
version of these intermediates to RDX presumably corresponds to the reactions 
involved in the Bachmann process (1), in which the starting materials are 
hexamine, nitric acid, ammonium nitrate, and acetic anhydride in a glacial 
acetic acid medium and the reaction temperature is about 70°C. 


Studies were therefore continued using the Bachmann type of reaction 
system, since this permitted appropriate solutions of known concentrations of 
hexamine, nitric acid, and ammonium nitrate to be used. The present study 
was made to determine the effect of varying the concentrations of ammonium 
nitrate and nitric acid at 35°C., where kinetic studies are possible, and to 
determine the activation energies associated with certain simple steps possible 
in the conversion of hexamine to RDX. 


Results and Discussion 


The apparatus and techniques used were similar in all essential respects to 
those described previously (2). 


Experiments to determine the effect of nitric acid concentration on yield, 
and of ammonium nitrate concentration on rate and yield of RDX were made 
in different types of reaction media. One of these consisted of absolute nitric 
acid in acetic anhydride, and two others contained absolute nitric acid in 
acetic anhydride — acetic acid mixtures of which the acetic anhydride contents 
were 50% and 87%. In three other analogous reaction systems the acetic 
anhydride was replaced by propionic anhydride, and the acetic acid by pro- 
pionic acid. A few experiments were also made with nitrogen pentoxide in 
acetic anhydride. 


1 Manuscript received A pril 19, 1951. 
Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, Que., 
with financial assistance from the National Research Council of Canada. 
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While the different systems differed in details of behavior with variation of 
reactant concentrations, the general type of behavior observed is indicated by 
the results shown in Fig. 1. The rate and yield values were reproducible within 
about +5%. 





uw 
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The optimal nitric acid concentration at 35°C. for various systems studied 
are given in Table I. These values remained essentially unaltered when the 
ammonium nitrate concentration was changed from 1.5 to 5 moles per mole 
hexamine. No marked difference in rate of formation or yield of RDX was 
observed.when nitrogen pentoxide rather than absolute nitric acid was used. 
Some experiments with copper nitrate trihydrate showed that it too could serve 
efficiently as the source of nitric acid. 


TABLE I 


OPTIMAL NITRIC ACID CONCENTRATIONS AT 35°C. 











Optimal nitric acid concentration, 
moles/mole hexamine 











50% 87% 100% N2O; in 
anhydride anhydride anhydride | anhydride 
Acetic anhydride | 
Hexamine | 4.5 3.5 | 3.5 3.5 
Hexamine | | 
mononitrate - - 2.5 | - 
Hexamine | | 
dinitrate | 1.5 | 2.0 2.0 3.0 
} | 
Propionic anhydride | 
Hexamine 1.0 | 5.5 7.5 - 
Hexamine 
dinitrate | 4.0 | 4.5 5.5 - 





The minimal concentration of ammonium nitrate for maximal yield of RDX 
was found to be between 5 and 6 moles per mole hexamine or its mono- or 
dinitrate, in the various media used. 
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Throughout the study, a marked superiority of acetic over propionic an- 
hydride was readily recognized in respect of both rate of production and 
yield of RDX (Table II), although in the general trends of rate and yield with 
variation of nitric acid and ammonium nitrate there was little to distinguish 
the behavior of the two anhydrides. 


TABLE II 


RATES OF PRODUCTION AND YIELDS OF RDX aT 35°C. IN ACETIC 
AND PROPIONIC ANHYDRIDE — ACID SYSTEMS 








50% 87% 100% N20; in 
anhydride anhydride | anhydride anhydride 


Rate* | % Yield| Rate* 





| ©% Yield| Rate* | % Yield! Rate* | % Yield 
| | 

| | | 

| 34 | 68 25 5.6 28 

| 





Acetic anhydride | 





Hexamine 62 | 8 |{ Se 
Hexamine 
dinitrate 6.8 | 28 | 18 | 65 | 14.6 56 | 12.8 51 
| 
Propionic anhydride 
Hexamine 2.2) 7.9 | 2.8 | 14 | 45 16 | - | - 
Hexamine | 
dinitrate 1.1 | 


i | 34] 31 | 56) 2 | - | - 





* Rates were determined from smoothed reaction-time curves and are expressed as per cent RDX 
formed after 15 min. reaction. Both rates and yields are calculated on the assumption that one 
mole of hexamine can theoretically produce two moles of RDX. Optimal concentration of nitric 
acid throughout. 


The superiority of acetic anhydride may be partly ascribed to a solvent 
effect (2), but is probably concerned to a large extent with the production of 
the active nitrolyzing agent. That anhydride is involved in this way is indi- 
cated by the observation that prolonged azeotropic distillation with benzene 
of reaction mixtures containing optimal hexamine, nitric acid, and ammonium 
nitrate concentrations in acetic acid, nitromethane, or nitrobenzene, failed to 
yield even traces of RDX. If, however, as little as 8% acetic anhydride was 
added to such dried mixtures, appreciable yields of RDX were obtained. It 
seems unlikely that the active nitrolyzing agent produced in the presence of 
anhydride is acetyl (or propyl) nitrate (3), but it might be nitrogen pentoxide 
or a cationic agent resulting from dehydration of nitric acid (cf. 4). 


Activation Energies for the Conversion of Hexamine, Hexamine Mononitrate, and 
Hexamine Dinitrate to RDX 


Rates of RDX formation were determined at different temperatures using 
hexamine, or one of its nitrates, in the presence of the corresponding optimal 
amounts of nitric acid and ammonium nitrate. Initial rates of RDX formation 
were used for calculating the activation energies with an error estimated to be 
of the order + 1.0 kcal. 
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The activation energies obtained in the temperature range 20° to 40°C., from 
rates determined at 5° intervals, were: 
Hexamine 11 kcal. 
Hexamine mononitrate 12.5 kcal. 
Hexamine dinitrate 16.5 kcal. 


While there is probably no significant difference between the first two values, 
the value for hexamine dinitrate was significantly higher. These activation 
energies would seem to indicate that hexamine dinitrate is not an intermediate 
in the conversion of hexamine to RDX by the Bachmann reaction at 35°C. 
There remain the possibilities that neither nitrate, or alternatively that the 
mononitrate, is involved in this reaction. It is the intention to present evidence 
in favor of the second possibility in a subsequent paper dealing with the thermo- 
chemistry of the system. 
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A DILUTION EFFECT IN REACTIONS BETWEEN DIPOLAR 
MOLECULES IN SOLUTION' 


By Ostas BAIN? AND CYRIAS OQUELLET 


Abstract 


A study has been made of the variation of the reaction rate constant with 
increasing dilution in the case of three reactions between pairs of dipolar sub- 
stances in ethanol solution. The reactions examined were those between aniline 
and 2,4-dinitrochlorobenzene, p-toluidine and 2,4-dinitrochlorobenzene, and 
p-toluidine and 2,4-dinitrobromobenzene. As the concentrations of the re- 
actants in the first two cases are increased 50-fold, the bimolecular velocity 
coefficient decreases by approximately 12% in the case of the first reaction, and 
by 7% in the case of the second one. The rates decrease sharply as the solubility 
limits of the products in ethanol are approached, while they become relatively 
constant as high dilutions are attained. 


Introduction 


In kinetics, the name given to the variation in the constants of the Arrhenius 
equation, viz. k, A, and F as a function of a change in initial concentration of 
the reactants, is the ‘dilution effect’. The dilution effect has been experimentally 
studied and theories have been developed for ion-ion, ion—-dipole, enzyme, 
and chain reactions, as well as for unimolecular decompositions (8). Apart 
from their possible significance in the interpretation of reaction mechanism 
and solvent effects, these dilution effects are of interest because they may have 
to be taken into account in the comparison of the rates of a reaction in different 
solvents. We are here concerned with the dilution effect in the case of reactions 
between two dipolar substances. 

The bimolecular velocity coefficient of reactions between alkyl halides and 
ions in hydroxylic solvents increases as the dilution is increased, often tending 
to a limiting value at high dilutions which is from two to four times as great 
as the value found at a concentration of one gram mole per liter. Thus Hecht 
and Conrad (6) found that the rate of the reaction between methyl] iodide and 
sodium ethoxide in ethanol solution at 36°C. was doubled when the dilution 
was increased from 2 to 100 liters per mole. Acree and Robertson (1) inter- 
preted these phenomena in terms of the dual hypothesis and derived a relation 
of the type 

k = kn + a(ki — Rm) 
where k; and k,, are the reactivities of the ion and of the undissociated mole- 
cule, and a is the degree of ionization. Later workers, e.g. Mitchell (7) found 
that km was negligible in many reactions of this type, and thus concluded that 
the bimolecular velocity coefficient calculated on the basis of the concentration 
of the reactive ion rather than on the total concentration of base was inde- 
pendent of dilution. 
1 Manuscript received in original form August 14, 1950, and, as revised, April 16, 1951. 
Contribution from the Department of Chemistry, Université Laval, Québec, Qué., with 


financial assistance from the National Research Council of Canada. 
2 Holder of a Bursary and a Studentship under the National Research Council of Canada. 
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The observation of a dilution effect in a dipole-dipole reaction where a is 
assumed to be negligible appears to have been first made by Rheinlander (11) 
in 1923. Rheinlander in measuring the rates of reactions between several 
aromatic compounds of the type CsH3(NO2)2X with aniline and methylaniline 
in ethanol, observed in the case of 2,4-dinitrobromobenzene that when the 
concentration of the halide was kept constant and that of the base increased, 
the value of k diminished. When that of the halide was increased the value of k 
also diminished, although more slowly. This same observation was later con- 
firmed for analogous reactions by van Opstall (13) and by Peacock and Singh 
(10). The latter authors investigating the reaction between several aromatic 
amines and 2,4-dinitrochlorobenzene in ethanol solution found that a decrease 
in velocity of 20% and an increase in the energy of activation of about 500 cal. 
per mole was in certain cases found to attend a doubling of the concentration. 
The dilution effect thus measured by these authors was examined over a small 
range of variation of concentration and was incidental to a study of the effect 
of various functional groups on the reaction rate. 


The present work was initiated with the view of accurately determining the 
dilution effect in reactions of the type examined by Peacock, and over a wide 
-range of concentrations. Although the investigation could not be further ex- 
tended, the results, in spite of their limited scope, are presented as a contri- 
bution to the experimental data on the subject. 


Experimental 


Examining the rate of reaction between aniline and 2,4-dinitrochlorobenzene 
(1), p-toluidine and (I), and p-toluidine and 2,4-dinitrobromobenzene (II) in 
ethanol solution over a concentration range varying from 1 to 50 on a relative 
scale necessitated the use of large volumes of ethanol at the low concentrations, 
in order to secure a significant accuracy in the determination of k&. Commercial 
ethanol was refluxed for several hours with silver nitrate and potassium hy- 
droxide to remove aldehydes. In order to remove the small amount of water 
present an azeotropic distillation with about 15% benzene by volume was 
carried out. After distilling off the initial ternary azeotrope through a 30-plate 
bubble-cap column, the binary azeotrope benzene-ethanol was distilled off until 
the index of refraction of a distillate sample equalled 1.3595 for the sodium D-line 
at 25°C. The remaining solvent, approximately 50% by volume of the original 
mixture, had an index of refraction mp= 1.3595 at 25°C., which is that of 
absolute ethanol at 25°C. The binary azeotrope was then utilized in removing 
water from a fresh sample of commercial absolute alcohol. 


According to the data of Barbaudy (2), the purity of the solvent is estimated 
to be in excess of 99.6% ethanol, the principal impurity considered to be 
benzene. It is notable that both benzene and water, together and separately, 
raise the index of refraction of ethanol, the former linearly throughout the 
entire range of concentration, and the latter attaining a maximum mp = 1.3629 
at close to 80% ethanol at 25°C. 
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Merck’s acetanilide was saponified with sodium hydroxide, and the resulting 
aniline was steam-distilled, extracted with ether, and fractionally distilled, 
setting aside the first and last quarters. It was kept at all times in the dark, 
and coloration was very slight. 


Merck’s p-toluidine was crystallized from petroleum ether. The product 
melted sharply at 43.6°C., and was kept also in the dark. Eastman Kodak’s 
2,4-dinitrochlorobenzene was decolorized with charcoal and subsequently 
crystallized from a methanol-ethanol solution. The product had a melting 
point of 50.8°C. Brickman’s 2,4-dinitrobromobenzene was crystallized from 
a methanol-ethanol solution, the product melting at 71.8°C. 


The reactions were carried out in Kimble volumetric flasks of 100, 250, and 
500 ml. capacity, suspended in a 110 liter constant-level water bath whose 
temperature was constant to 0.01°C. The temperature of the bath was read on 
a certified thermometer of the Bureau of Standards. The dilution effects were 
measured at 35.07°C. 


Solutions of I, II, and of p-toluidine were prepared by weighing the reactants 
and dissolving in ethanol to the required strength in a volumetric flask. Aniline 
solutions were approximately prepared, and these were then volumetrically 
estimated by means of a titration with a standard solution of potassium bro- 
mate, by the method of Riedel (12). 


A reaction was initiated by adding a determined volume of one reactant 
solution to a determined volume of the other, both already at the temperature 
of the water bath, and, as quickly as possible, followed by the adjustment of 
the volume to the mark with ethanol. The flask was then well agitated. The 
timing was started after one half of the aniline or p-toluidine solution had been 
added to the solution of the halide. Only one analysis was performed per experi- 
ment, since at high dilutions, there was relatively little product formed. Re- 
actions were performed in duplicate and halted at from 10% (high concen- 
tration region) to 40% (low concentration region) completion. 


The three reactions occurring are 


NO» NO, 
= as , a a 
2R¢ nH} + X% = SNL > RR S-NH-@)— Oz + @ ~~ ~— NH HX 
R =H X = Cl (1) 
R = CH, x = Cl (2) 
R = CH; x = Br (3) 
The above reactions are of the second order (10, 11), following the law 
a = k(a — 2x) (6b — x). 
dt 


where x is the concentration in gm-ion per liter of the halide ions produced, 
a and # are the initial concentrations in mole per liter of the amine and the 
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dinitrohalobenzene respectively. According to Rheinlander (11) and Peacock 
and Singh (10), these reactions proceed in two steps. First one molecule of the 
amine attacks a molecule of the 2,4-dinitrohalobenzene forming 2,4-dinitro- 
diphenylamine or 2,4-dinitro (4’-methyl) diphenylamine plus the hydrogen 
halide. An additional molecule of the amine now reacts with the hydrogen 
halide molecule formed at a rate far greater than in the first step. The rate- 
determining step is the first one. 


Analyses of the halide ions produced by the reaction were performed by 
precipitating with silver nitrate and weighing as silver chloride or bromide. 
A reaction was terminated by inverting the flask containing the reaction mix- 
ture into a beaker containing dilute silver nitrate solution and a dilute solution 
of nitric acid, both in slight excess. The flask was then rinsed thoroughly by 
washing with water and benzene. It was verified that no detectable halide ions 
were produced from the 2,4-dinitrohalobenzene in acid aqueous medium. 


In the case of the reaction between aniline and I, the molarities of the aniline 
solutions were approximately twice those of the solutions of I. In view of the 
precision sought an expanded version of the following classical equation was 


used: 
me. eee | Me a a) (2) 
t(a — 2b) a(b — x) 


where a, 6, and x are defined as above, and ¢ is the time measured in minutes. 


Expanding the logarithm term, 








A-B 1 1 
= — — ./1+-(A+B)+-— (42+ AB+ B’)+..... ] 3 
t(a — 2b) | 2 3 ) (3) 
where iu ft > and B= 2-2 , (4), (5) 
a— 2x a 

If 5 = b + (5% of b), then accuracy in & to five significant figures is obtained 

with the first two terms of the above expansion. There results 
p = — # [1 + S-6—®)). 6) 

ta(a — 2x) a(a — 2x) 


a : 
In the case where 3 b, the above equation reduces to 


2x 


k = ———_.. 
ta(a — 2x) 


(7) 


Results 


The analytical data and the calculated values of the constant Rk for various 
initial concentrations of the reactants are given in Tables I, II, and III. In 
Fig. 1, kt is plotted vs. / in the case of the reaction between aniline and I, where 
the concentration of the former is initially 0.3218 M and that of the latter 
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TABLE I 
DILUTION EFFECT 
REACTION BETWEEN ANILINE AND 2,4-DINITROCHLOROBENZENE (I) 








Oo 


oror 


I i AgCl Flask Cl ions 
Wa ime, es. ane 
conc., ike weight, volume, conc., 

mole /I. . gm. ml. gm-ion/I. 
. 003200 | 12760. 0. 0845 500 0.001178 
.003200 | 12760. 0. 0847 500 0.001182 
. 04000 852.6 0. 4609 250 0.01286 
. 04000 852.6 0. 4635 250 0.01294 
. 07700 222.5 0.2115 100 0.01476 
. 07700 222.5 0. 2097 100 0.01463 
. 1230 95.50 0. 2380 100 0.01661 
. 1230 93.40 0. 2323 100 0.01621 
. 1600 79. 45 0. 3258 100 0.02274 
. 1600 79.45 0. 3251 100 0. 02269 
TABLE II 


DILUTION EFFECI 


REACTION BETWEEN P-TOLUIDINE AND 2,4-DINITROCHLOROBENZENE (I 


I Ti AgCl Flask Cl ions 
ee ime, a eo 
conc., wate weight, volume, conc., 

mole /1. a gm. ml. gm-ion /1. 
0.003200 13256. 0.0751 . 2d 0. 002096 
0.03500 696.5 0. 2628 100 0.01834 
0.03500 696. 4 0. 2619 100 0.01824 
0. 06400 350. 6 0. 4549 100 0.03174 
0. 06400 350. 7 0. 4547 100 0.03173 
0.1180 145.7 0.7209 100 0.05029 
0. 1180 133.3 0.6812 100 0.04752 
0. 1400 132.5 0.8912 100 0.06219 
0. 1600 135.2 1. 1004 100 0. 07676 
0. 1600 86.7 0.8428 100 0. 05880 
0. 1600 77.8 0. 7884 100 0.05500 


TABLE III 
DILUTION EFFECT 


REACTION BETWEEN p-TOLUIDINE AND 2,4-DINITROBROMOBENZENE (II) 





AgBr Flask Br ions 





II ns 
conc., — weight, volume, conc., 
mole /I. ; gm. ml. gm-ion/lI. 
0.03500 551.2 0.3766 100 0. 02006 
0.03500 551.2 0.3757 100 0.02001 
0. 06400 215.8 0.5840 100 0.03110 
0.1180 114.0 1.0501 100 0.05591 


0. 1180 105.6 1.0094 100 0. 05374 











k (mean) X 108 


l.mole™ 


k (mean) X 10% 


l.mole~ 


k (mean) X 10° 
l.mole~! min. 
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0 | 
0 5 50 75 90 
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Fic. 1. Reaction between 0.16 M 2,4-dinitrochlorobenzene and 0.3218 M aniline in ethanol 
Solution at 35.07°C. 





bo 


0.1600 W/. The linear curve up to 13% completion of the reaction indicates that 
the reaction follows the second order law up to that region. The slope of the 
curve, k, is equal to 6.34 X 107* 1. mole min.~ for this reaction. 


Discussion 

The dilution effects in the three reactions investigated are illustrated in Figs. 
2, 3, and 4, where the values of & are plotted against the concentrations of the 
dinitrohalobenzene. It is seen that k decreases with increasing Concentration. 
The decrease is 3.3% for a 3.4-fold increase in concentration in the case of the 
reaction p-toluidine-II; 6.6% for a 50-fold increase in concentration in the 
case of the reaction p-toluidine-I, and 11% for a 50-fold increase in concen- 
tration in the case of the reaction aniline—I. 


The values of & in the reactions with I level off at low concentrations where 
the solution tends toward ideality; they decrease sharply at the higher concen- 
trations, where the saturation point of the 2,4-dinitrohalobenzene in ethanol 
is approached. However, the effects are so small that the exact forms of the 
curves cannot be obtained. 


In principle, it is difficult to apply the second-order law in the presence of a 
dilution effect, since the rate constant or the activity coefficients of the re- 
actants may be expected to vary during the course of the reaction as the con- 
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(k X 108) 


REACTION RATE 











it it | | ) 1 i 
0 0.02 0.06 0.1 0.14 0.18 


CONC. 2,4-DINITROCHLOROBENZENE (MOLE/LITER) 





Fic. 2. Dilution effect in the reaction between 2,4-dinitrochlorobenzene and aniline in ethanol 
solution at 35.07°C. 
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Fic. 3. Dilution effect in the reaction between 2,4-dinttrochlorobenzene and p-toluidine in 
ethanol solution at 35.07°C. 
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Fic. 4. Dilution effect in the reaction between 2,4-dinitrobromobenzene and p-toluidine in 
ethanol solution at 35.07°C. 


centrations of the reactants decrease. However, if the dilution effects were 
caused by certain groups in the reacting molecules whose concentration in the 
“medium remains constant because these groups are not destroyed in the re- 
action, then k would be affected by the initial concentrations only and the 
second-order law would hold. In our reactions, the nitro groups could play such 
a role. In fact, the works of Rheinlander (11) and Peacock and Singh (10) and 
some of our results (Fig. 1) suggest that k remains essentially constant during 
a reaction of the type with which we are concerned. Owing to the poor solu- 
bility of the products, our experiments at the higher concentrations, where a 
drift in the value of k would be detectable, had to be stopped at about 12% 
conversion, and the second-order law was taken as a sufficient approximation. 


A dilution effect of opposite sign to the one reported here has been found by 
Peacock and Singh (9) for the reaction between benzyl chloride and aniline at 
35° and 40°C. in ethanol. They observed a rise in the reaction rate of 29% at 
35°C. and 18% at 40°C. for a doubling of the concentration. It thus appears 
that the roles of the solvent ethanol in this type of reaction between an aryl 
amine and an aryl halide are dissimilar, being dependent upon whether the 
halogen atom is attached directly to the benzene nucleus, although activated 
by two nitro groups in 0-, p-positions, or whether it is attached to the benzene 
nucleus through a methylene group. 


A theory of the dilution effects should take into account such constitutional 
factors together with the physical influence of dipole-dipole association, and 
the degrees of solvation of both the reactants and the activated complex. That 
dipole-swarming can lead to either a positive or a negative dilution effect is 
shown by Hartmann’s theory (3, 4, 5) which has been applied to the reaction 
between pyridine and methyl iodide. For the reactions studied in this work, 
it seems that Hartmann’s theory would predict a curvature opposite to that 
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654 
shown in Figs. 2 and 3. However, the very small variations of k in our case 
preclude a fruitful application of Hartmann’s equations since even the sign 


of the effect they predict depends rather critically on certain constants such as 
molecular radii which are not known with enough precision. 
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Résumé 


On a étudié l’effet de la dilution sur la vitesse de réaction entre trois paires 
de substances dipolaires en solution dans |’éthanol, soient: entre l’aniline et le 
2,4-dinitrochlorobenzéne, la para-toluidine et le 2,4-dinitrochlorobenzéne, la 
paratoluidine et le 2,4-dinitrobromobenzéne. Dans les deux premiers cas une 
augmentation de concentration d’un facteur de 50 produit une diminution de 
la constante d’environ 12% et 7% respectivement. Pour la troisiéme réaction, 
la concentration n’a pu étre augmentée que d'un facteur 3.4 a cause de la faible 
solubilité du 2,4-dinitrobromobenzéne dans l'éthanol: il en est résulté une 
diminution de 3% dans la constante de vitesse. En général les constantes 
décroissent rapidement lorsqu’on approche la limite de solubilité des réactifs: 
par contre elles varient peu aux grandes dilutions. 
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ISOTOPIC EXCHANGE REACTIONS IN THE SYSTEM 
BROMINE - BROMATE - HYPOBROMOUS ACID! 


By R.H. Betts AND AGNEs N. MACKENZIE 


Abstract 


Radiotracer studies with Br® show that bromine and bromate ion in perchloric 
acid solution undergo isotopic exchange at a measurable rate. The kinetics of 
the process suggest that secondary chemical reactions occur, leading to the for- 
mation of significant concentrations of hypobromous acid in the system. The 
isotopic exchange between hypobromous acid and bromine is complete within the 
time required to separate these species. 


Introduction 


At chemical equilibrium in any system, the rates of forward and reverse 
reactions are by definition equal. If the kinetics of these reactions are known 
separately, it is possible, by application of the Law of Mass Action, to predict 
both the position of equilibrium and the rates of the forward and reverse re- 
actions at equilibrium. By the use of radioactive tracers, one may in many cases 
_measure the rates of such compensating reactions. A comparison of these rates 
with those predicted from the Mass Action Principle may furnish valuable 
checks on proposed reaction mechanisms. In addition, these comparisons may 
uncover anomalies inaccessible to, or undisclosed by, more conventional experi- 
mental techniques. 


The present study deals with the isotopic exchange reaction between bromine 
and bromate ion in acid solutions, using Br as a radiotracer. Isolated quali- 
tative references to this exchange reaction occur in the chemical literature, 
e.g., Libby (8) reported that this couple undergoes exchange at a measurable 
rate. However, no systematic investigation has been hitherto reported. It is 
convenient to summarize here the existing nonequilibrium studies as an essen- 
tial background for much of the subsequent discussion. 


In moderately acid solution, bromate ion is believed to react quantitatively 
and rapidly with bromide ion to form bromine. The stoichiometry of the re- 
action is: 

5Br7+ BrO;- + 6HT oe 3Bro+ 3H:0 (1) 
This reaction as written involves 12 reacting entities, and obviously must pro- 
ceed in a stepwise fashion. Hinshelwood (7) has suggested recently the fol- 
lowing sets of consecutive bimolecular reactions: 


HBr + HBrO; — HBrO, + HOBr (2) 
HBr + HBrO, — 2HOBr (3) 
3(HOBr + HBr) — 3(Br2 + H.O) (4) 


(The reverse reactions lead to exchange between bromine and bromate ion.) 


1 Manuscript received February 27, 1951. 
Contribution from the Chemistry Branch, Research Division, Atomic Energy Project, 
National Research Council, Chalk River, Ont. Issued as N.R.C. No. 2470. 
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Partial substantiation of some of these postulated reactions has been obtained 
by other investigators. In 1936, Sclar and Reisch (11) found that in the pre- 
sence of allyl alcohol (which rapidly removes bromine and hypobromous acid 
formed in the reaction) the rate law for the process was given by: 


— ABrOF) = H+? [BrO.-] [Br-] (5) 
dt 
The stoichiometry of the reaction in the presence of allyl alcohol was: 
BrO;- + 2Br~ + 3H* — Products (6) 


The kinetics of the rate-governing step thus correspond with Equation (2) 
postulated by Hinshelwood, while the stoichiometry of the process suggests 
that in the presence of allyl alcohol, the reaction stops at hypobromous acid 
(sum of Equations (2) and (3) above). 


More recently, Young (14) in his studies of the hydrogen peroxide — bromate 
reaction, found that his data could be interpreted best by assuming that Re- 
action (3) above is rapid. Reaction (4), involving formation of bromine and 
water from hypobromous and hydrobromic acids, has been generally assumed 
to be rapid, and indeed has been shown to be so in the present studies. The 
reverse of Reaction (4), i.e., hydrolysis of bromine, is also rapid, as is demon- 
strated by the practically instantaneous conversion of bromine into hypo- 
bromous acid on the addition of silver phosphate to remove hydrogen ions and 
bromide ions (12, 13). No pertinent data exist in the literature on the properties 
of either bromous or hypobromous acid, especially in the presence of a strong 
acid. However, the very fact that bromite compounds have never been surely 
identified in acid solutions argues for their extreme reactivity under these 
conditions. 


Accordingly, it appears from this summary that whatever may be the inter- 
mediate products, the rate-controlling step in the over-all process is probably 
the reaction between bromide and bromate (Equation (2) above). 


At chemical equilibrium, as we have stated, the rates of forward and reverse 
reactions are equal. Consequently, in the system containing bromine and 
bromate ion in dynamic equilibrium, whenever bromate is converted to bro- 
mine, an equivalent amount of bromine is converted to bromate. By incor- 
poration of a radiotracer originally as bromine, it is possible to measure these 
rates. For a given set of conditions, the rate R in moles per liter per unit time 
for this exchange reaction is given by (5,10): 

_ 2.303 2[Bre] [BrO;7] 
t 2[Bra] + [BrO;] 
The square brackets refer to molar concentrations of the enclosed species, and 
F is the fraction of isotopic exchange at time ¢t. The fraction of isotopic exchange 
F is given by the ratio of the specific activity of bromate to the mean specific 
activity of all forms of bromine. The term specific activity is defined conven- 
iently in terms of experimental quantities by the ratio of the observed activity 





log (1 — F) (7) 
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associated with a given species per unit volume of solution, to the concen- 
tration of that species in solution. Therefore F is given by: 


activity per ml. associated with bromate _, 2[Br2] + [BrO;7] 
total activity per ml. of solution [BrO;7] 








The factor 2 allows for the diatomic constitution of bromine. Further, if a single 
exchange path is operative, the rate is given also in more general terms by: 


R = Rf{[Br2]" [BrOs"]" [H*]” (8) 


where is the rate constant and f involves the appropriate activity coefficient 
terms. By measurement of R as a function of these variables taken one at a 
time, it is possible to deduce the values of m, m, and p by straightforward 
methods (6). A more complete discussion of Equations (7) and (8) may be 
found elsewhere (6, p. 285; 9; 10). 


Equation (8), together with the equilibrium expression for Reaction (1): 
_ [Br-(H*}*[Br0;7] sie 
[Bre]? 


provides the quantitative link between the kinetics of the exchange reaction 
and the nonequilibrium measurements described earlier (7, 11). The work of 
Myers and Kennedy (9) on the iodine—-iodate exchange reaction is an excellent 
example of how such correlations may be made. It will, of course, be under- 
stood that in order to make such comparisons, all intermediate species, e.g., 
bromous and hypobromous acid, must reach their equilibrium concentrations 
rapidly. Further, it is necessary that these entities be present in low concen- 
trations relative to either bromine or bromate. 


K 





We describe in this paper some aspects of the kinetics of the bromine— 
bromate exchange reaction. In a succeeding paper (2), further chemical inves- 
tigations are described dealing mainly with the role of hypobromous acid in 
this system. 


Experimental 
Materials 


The original materials, potassium bromide, sodium bromide, and sodium 
bromate, were c.p. salts, further purified by two recrystallizations from doubly 
distilled water. Standard solutions of the last two compounds were prepared 
by accurate dilution of weighed portions with doubly distilled water. Reagent 
’ grade perchloric acid was used without further purification. 


The radioactive tracer was prepared by neutron irradiation of 1 mgm. 
samples of potassium bromide in the NRX pile. After the 4.4 hr. Br*® had 
decayed, the sample was dissolved in dilute acid, and bromide precipitated as 
silver bromide. The precipitate was washed free of K® activity, after which it 
was equilibrated for one hour at 80°-90°C. with added inactive sodium bromide 
solution. The sample was then cooled to room temperature, centrifuged, and 
the supernatant NaBr* solution removed. Portions of this tracer were used to 















































658 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29 
“‘label’’ standard sodium bromide solutions. Measurements of the radioactive 
decay of this material indicated a half-life of 35.6 + 0.5 hr., in good agreement 


with a recent value of 36.0 + 0.1 hr. for Br*?(1). 


Procedure 

A measured volume (generally 1.00 ml.) of standard inactive sodium bromate 
in perchloric acid solution of the appropriate concentration was placed in a 1.5 
ml. glass-stoppered tube. A solution of standard NaBr* (generally 0.20 ml.) 
was then added carefully so that virtually no mixing of the two solutions 
occurred during this operation. The tube was quickly stoppered, the top sealed 
with hot paraffin wax, and the contents thoroughly mixed. This method of 
closure was adequate to prevent loss of bromine. For each rate study, a set of 
up to ten such identical samples was prepared. The concentrations of bromine, 
bromate, and perchloric acid in each flask were calculated from a knowledge 
of the initial concentrations and volumes of reagents added. For this purpose, 
the stoichiometry of the reaction to form bromine was assumed to be given by 
Equation (1). 


In later experiments, the required amount of inactive sodium bromide was 
added at zero time. After 96 to 100 hr., each tube was opened momentarily, 
0.010 ml. of tracer solution added, and the tube then immediately re-stoppered. 
The time of exchange was, of course, measured from the time of addition of tracer. 


In early experiments, four to six extractions with carbon tetrachloride were 
used to extract bromine from bromate after the desired exchange period. This 
procedure did not induce exchange in the system. Furthermore, separations 
made within one minute from zero time showed that not more than 0.1% of 
the total activity remained in the extracted aqueous phase, which indicated 
that at least 99.9% of the bromine was removed. Other tests showed that 
carbon tetrachloride did not react with bromate ion. On this basis, the separ- 
ation procedure was believed to be satisfactory. In later experiments, benzene 
was substituted for carbon tetrachloride. 


Analytical Methods 

The total oxidizing power, i.e., bromine plus bromate ion, of representative 
solutions in each experiment was determined by reaction with excess potassium 
iodide, followed by titration of the liberated iodine with standard sodium 
thiosulphate. Similar titrations were made on the residual aqueous phase after 
extraction with carbon tetrachloride, as a measure of the concentration of 
bromate ion. For each series, these values were constant within experimental 
error (+ 0.5%) and agreed within these limits with the concentrations cal- 
culated using Equation (1). 





Measurement of Radioactivity 
The total relative radioactive content of each sealed tube was determined 
by measurement of its associated y-ray activity with a windowless Geiger- 
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Mueller counter and associated scaling circuit. All tubes used were carefully 
selected to ensure geometrical uniformity of the samples. Each sample was 
placed in a fixed position relative to the counter in a lead ‘‘castle’’, and suffi- 
cient counts taken to reduce the probable statistical error to + 0.8%. After 
extraction of the bromine, an aliquot of the residual aqueous phase was trans- 
ferred to a clean tube, diluted to the same volume as the original solution, and 
the relative radioactive content associated with bromate measured as before. 
Corrections for coincidence losses, radioactive decay of the samples, and back- 
ground were made in the usual way. From these data, the rate of the exchange 
reaction was calculated, using Equation (7). The over-all precision in the 
measurements of the rate was + 2-3%. 


Experimental Results and Discussion 


Preliminary experiments showed that the rate of exchange was markedly 
accelerated by light. All experiments described in the present paper were made, 
therefore, in the absence of light at 25.0°C. unless otherwise stated. 

When carbon tetrachloride was used to separate bromine from the solution, 
. the apparent rate of the exchange reaction decreased continuously with time. 
The radiotracer was added at zero time. Fig. 1 is a typical plot of log (1 — F) 





! | T | : U 
0.00 


-0.05 


-0.10 


LOG (I-F) 


—0.15 








J J l lL i rt l 
ie) 10 20 30 40 50 60 70 
TIME OF EXCHANGE, HOURS 








—0.20 


Fic. 1. Rate function for isotopic exchange for a solution 1.66 M perchloric acid, 0.00235 M 
bromine, 0.0408 M sodium bromate. Carbon tetrachloride used as solvent for bromine. 


vs. t, for a solution 1.66 M perchloric acid, 0.00235 M bromine, and 0.0408 MW 
sodium bromate. For an ideal isotopic exchange reaction, such a plot should 
yield a straight line, indicative of the fact that the reaction proceeds at a con- 
stant rate (10). From the slope of the plot in Fig. 1, it was calculated that the 
apparent rate of the exchange decreased from 6.6 X 107 to 9.8 X 107 moles 
per liter per hour, a sevenfold variation, for the time intervals 0-5 and 50-60 
hr. respectively. Similar results, with, of course, different absolute values of 
the rates, were observed in the ranges 0.4—-1.67 M perchloric acid, 0.0005-0.004 
M bromine, and 0.003-0.082 / sodium bromate. 
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Fig. 2 shows a typical plot of log (1 — F) vs. t, when benzene was used to 
separate bromine from solution. Here again Br* was introduced at zero time. 
This result was for a solution 1.67 M perchloric acid, 0.0825 M sodium bromate, 
and 0.00228 M bromine. The apparent rate of exchange still decreases with 
time as shown by the slight curvature of this plot, but the effect is much less 
pronounced than when carbon tetrachloride was used to remove bromine. 
The ratio between the rates for the periods 0-5 and 50-60 hr. was in this case 
1.7, as compared with seven for the previous result. This behavior was ob- 
served over approximately the same range in concentration of reactants as 
recorded in the preceding paragraph. 
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Fic. 2. Rate function for isotopic exchange for a solution 1.67 M perchloric acid, 0.00228 M 
bromine, 0.0825 M sodium bromate. Benzene used as solvent for bromine. 


When the radioactive tracer was introduced 96-100 hr. after zero time, 
results of the type shown in Fig. 3 were observed. Benzene was used as the 
solvent for removal of bromine in these experiments. Since this plot is of the 
form prescribed for a reversible isotopic exchange reaction (10), this result 
suggests that the rate of exchange is constant for these conditions. 
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Fic. 3. Rate function for isotopic exchange for a solution 1.67 M perchloric acid, 0.00237 M 
bromine, 0.0818 M sodium bromate. Tracer introduced after 100 hr. 
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Recently Norris (10) has discussed the interpretation of the kinetics of iso- 
topic exchange reactions, and has given several possible reasons to account for 
a nonlinear relation between log (1 — F) and ¢. Among these are: (1) non- 
equivalence of the atoms undergoing exchange, and (2) heterogeneous reaction 
in the system. In addition to these, at least four more possibilities suggest 
themselves. (3) The exchange reaction may be induced by the @- or y-radiation 
of the tracer. (4) Two or more independent mechanisms of exchange may be 
operative, each proceeding at a different rate (6, p. 288). (5) Transient catalytic 
effects caused by labile impurities may be interfering. (6) Chemical equilibrium 
may not be established rapidly in the system, with consequent secular changes 
in the concentration of certain species. 


Item (1) would require that the two bromine atoms in the bromine molecule 
be nonequivalent. This has been disproved by studies of the isotopic exchange 
reaction between bromine and bromide ion (4). Separate experiments in the 
present study showed that the results were unaffected either by changes in the 
surface area available to the system, or by changes in the absolute amount of 
radioactive material used as a tracer. Points (2) and (3) above may be thus 
excluded from further consideration. Effects related to transient catalysis by 
. trace impurities would be expected to be nonreproducible, whereas no undue 
scatter of results was observed in duplicate experiments. In addition, careful 
repurification of the initial materials did not remove these effects. Accordingly, 
it is believed that subtle catalytic effects do not account for the observed results. 


The possibility that two or more independent paths for exchange are oper- 
ative cannot be excluded, but such an explanation is unlikely. The rationale 
of the following experiments, undertaken to clarify this point, is that the 
temperature coefficients of two such independent processes may reasonably be 
expected to differ significantly. The apparent rate of exchange was measured, 
for samples of the same solution, at three temperatures. From the slopes of the 
curves relating log (1 — F) and ¢ (Fig. 4), the rates of exchange and corres- 
ponding temperature coefficients were calculated as a function of time. The 
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Fic. 4. Effect of temperature on rate of exchange for a solution 0.0825 M sodium bromate, 
0.00228 M bromine, 1.67 M perchloric acid. Tracer introduced at zero time. 
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latter values were then compared with results calculated from similar experi- 
ments in which the tracer was added after 100 hr. (Fig. 5). For these latter 
conditions, the exchange proceeds at a constant rate, and by our hypothesis, 
only one reaction mechanism would be operative. We found in fact, no trend 
in the temperature coefficient with time, nor any significant differences in the 
mean temperature coefficient during the early stages compared with the average 
determined in the 100 hr. experiments. The average value of the energy of 
activation was 19.0 + 1.5 kcal. per mole per degree. The mean value as a func- 
tion of time differed by not more than 2.5 kcal. from this figure. 
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Fic. 5. Effect of temperature on rate of exchange for a solution 0.0818 M sodium bromate, 
0.00237 M bromine, 1.65 M perchloric acid. Tracer introduced after 100 hr. 


New experimental evidence presented in detail in a succeeding paper (2) 
indicates that Item (6) above is, in all likelihood, responsible for the anomalous 
behavior of this exchange reaction. Briefly, these experiments show that bro- 
mine and bromate are thermodynamically unstable with respect to formation 
of hypobromous acid, and moreover that the rate of attainment of this new 
equilibrium is finite and measurable. The kinetic expression for formation of 
hypobromous acid is (2): 

d{HOBr] _ k 


oe vee 10 
dt ([HOBr] - 


An integrated form of this expression, [HOBr]*+ k’t + c, indicates that the 
concentration of this species increases most rapidly in the early stages of the 





reaction, and more slowly thereafter. The stoichiometry of the process is: 


(2H.O) + 2Br. + HBrO;—— 5HOBr (11) 


The chemical methods described earlier for the study of the chemical stability 
of this system did not disclose these reactions, since no net change occurs in the 
average oxidation number of all the bromine compounds during this process. 
Also, the conversion of a small fraction of bromate to hypobromous acid ac- 
cording to the stoichiometry of Equation (11) does not change the oxidizing 
power of the residual aqueous solution, after extraction by carbon tetrachloride, 
by an amount greater than the small experimental errors in the titrations 
themselves. 
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We now show how these observations account satisfactorily for the anoma- 
lous behavior of the bromine—bromate exchange reaction. 


The formation of macroconcentrations of hypobromous acid has at least two 
effects on the apparent rate of isotopic exchange between bromine and bromate 
ion. The first of these relates to the incomplete removal of HOBr* from the 
aqueous phase with carbon tetrachloride, and the second to the decrease in the 
concentration of bromide ion with increasing concentrations of hypobromous 
acid. 


(2) Hypobromous acid is relatively inert toward carbon tetrachloride, as we 
have shown in separate experiments. Hence, extraction of the aqueous phase 
with this solvent does not remove all of this species formed by Reaction (11). 
Moreover, HOBr* will have at all times the same specific activity as Br.*, as 
a result of the rapid interchange via the hydrolysis equilibrium’: 


H.O + Br.* = HOBr* + H+ + Br- (12) 


Thus the fractional exchange between bromine and bromate ion was not as 
great as indicated by measurement of the radioactive content of the aqueous 
phase after extraction with carbon tetrachloride. Since the rate of formation of 
hypobromous acid decreases continuously with time, the apparent rate of the 
exchange reaction will then appear to decrease also (Fig. 1). 


(ii) Benzene has been shown recently to react rapidly and completely with 
hypobromous acid to form bromobenzenes (3). When this solvent is used to 
extract bromine, the residual activity in the aqueous phase is then associated 
only with bromate ion. This has been verified experimentally in the present 
study. The slow decrease in the rate of exchange still observed (Fig. 2) is 
believed to be caused by changes in concentration of one of the probable rate- 
determining species, i.e., bromide ion, concomitant with the formation of 
hypobromous acid. This can be shown by expressing the equilibrium relation 
for Equation (12) in the form: 

[Br-] -” K,|Bre] 

{[HOBr] [H*] 
K,, is the hydrolysis constant for bromine. Equation (13) indicates that pro- 
vided the relative change in the concentration of hypobromous acid is much 
greater than for either bromine or hydrogen ion (a condition fulfilled in these 
studies) the concentration of bromide ion varies approximately inversely with 

the concentration of hypobromous acid. 





(13) - 


Data which lend support to this interpretation are given in Table I. 


The average rate of the exchange reaction (in arbitrary units) is given for the 
experiment shown in Fig. 2, for the indicated time intervals, together with the 
corresponding concentrations of hypobromous acid. The value enclosed in 

*Experimental evidence that equilibrium given by Equation (12) is reached and maintained 
soon after the start of the exchange reaction is provided by the following results. Radiotracer ex- 


change experiments with either Br2*-HOBr or Br:-HOBr* showed complete exchange between 
these valence states within the time taken (minutes) for their separation. 
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TABLE I 


RELATION BETWEEN RATE OF EXCHANGE AND CONCENTRATION OF 
HYPOBROMOUS ACID (DaTA OF FIG. 2) 








Time interval | Rate of exchange HOBr, M X 10# R X [HOBr| 





hr. (arbitrary units) 

0- 5 12.2 ( 6. ) (77) 

5-10 8 6.7 79 
10-20 11.5 im 90 
20-30 10.5 8.9 93 
30-40 9.5 98 94 
40-50 8.5 10.7 91 
50-60 4.1 11.5 82 
60-70 6.9 12.0 83 





brackets is uncertain by about 20°, while the other values in column three are 
precise to + 5%. A description of the method used to measure the concen- 
tration of hypobromous acid in the system is deferred to the next paper (2). 
In view of the approximations involved in the application of Equation (13), 
and of the uncertainties in the experimental quantities listed, the approxi- 
mately constant values of the product R X {[HOBr] shown in Table I may be 
taken as a satisfactory demonstration of the inverse relation between the rate 
of the exchange reaction and the concentration of hypobromous acid. 


In the next paper (2), we show that after 100 hr., the concentration of hypo- 
bromous acid changes relatively slowly with time; for similar conditions, the 
rate of the exchange reaction (Figs. 3 and 5) is essentially constant. All of these 
observations may be taken as indirect confirmation of the rate-determining 
properties of bromide ion in the kinetics of the exchange reaction. 


In conclusion, experiments were made in which the tracer was added after 
100 hr., in order to obtain values of m, n, and p (Equation 8). The following 
rate law was found: 

R = &{(Br.]** (BrO;7]'7 [H*]!! (14) 
The constant & has the value 0.023 moles~:! 1.2! hr.~! at 25°C., and includes 
activity coefficient terms appropriate to an ionic strength of 1.75. An experi- 
mental error of + 0.05 is assigned to the value of each exponent. 


Equation (14) should be considered mainly as a convenient summary of the 
data, and no theoretical correlations between it and the Law of Mass Action 
are warranted. In fact, such correlations would be theoretically unjustifiable, 
since all intermediate species do not reach their equilibrium values rapidly and 
their concentrations are not negligible in comparison with either bromine or 
bromate ion. Even in the experiments in which tracer was added after 100 hr., 
chemical equilibrium is not reached (2). Nevertheless, the preceding discussion 
has shown that the results as a whole give semiquantitative information re- 
garding the rate-determining stage in the exchange reaction. Further, the un- 
expected results have directed attention to certain aspects of the chemistry of 
bromine compounds previously unobserved. 
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FORMATION AND STABILITY OF HYPOBROMOUS ACID 
IN PERCHLORIC ACID SOLUTIONS OF 
BROMINE AND BROMATE IONS! 


By R.H. Betts AND AGNES N. MAcKENZIE 


Abstract 


Spectral and chemical data are presented which show that bromine and 
bromate ion in acid solution are unstable with respect to formation of hypo- 
bromous acid. At higher concentrations of hypobromous acid, the reaction is 
reversed, and this species decomposes relatively rapidly to bromine and bromate. 
Some aspects of the kinetics of these reactions are described, from which deduc- 
tions are made regarding possible mechanisms of the two processes. 


Introduction 


In a preceding paper (2), the rate of isotopic exchange between bromine and 
bromate ion was shown to proceed in a manner consistent with the production 
of hypobromous acid in solution. In this paper are presented experimental results 
relating to the formation and stability of hypobromous acid in this system. 


Experimental 

Materials 

The preparation of solutions of sodium bromide and sodium bromate has 
been described previously (2). Bromine solutions were prepared by dissolving 
c.p. bromine in doubly distilled water. Aqueous solutions of hypobromous acid 
were made from this latter solution by reaction with excess solid silver phos- 
phate (5, 6): 

3Br. + 3H2O + Ag;PO,(s) —— 3HOBr + 3AgBr + H;PQO, 

This was followed by vacuum distillation of the product in an all-glass still. 
Undue exposure of the product to light was avoided during the distillation. 
The distillate was stored in the dark at 5°C. Since aqueous solutions of this 
compound decompose slowly even under these conditions, new solutions were 
prepared as required. When freshly made, an 0.05 M hypobromous acid solu- 
tion contained less than 4 X 1074 V/ bromine or bromate ion. 


Analytical Methods 
Both chemical and physical methods were used for the analysis of solutions. 
(i) Estimation of total oxidizing power (hypobromous acid + bromine + 
bromate ion) was made by titration with standard sodium thiosulphate after 
addition of excess potassium iodide. The sum of hypobromous acid + bromate 
ion was measured in the same way after extraction of bromine with a minimum 
amount of carbon tetrachloride. This solvent was purified by repeated treat- 
1 Manuscript received February 27, 1951. 
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ments with aqueous potassium permanganate, followed by fractional distil- 
lation. Small corrections were applied to this titration to take account of the 
slight reaction which occurred between hypobromous acid and the organic 
solvent during the extraction of bromine. The concentration of bromate ion 
was estimated by addition of excess allyl alcohol, which removes both bromine 
and hypobromous acid by rapid addition at the double bond of the alcohol, 
followed by titration with sodium thiosulphate as before. From these data 
the concentrations of hypobromous acid and bromine were calculated by 
difference. 

(it) These chemical methods obviously suffer in accuracy when bromate ion 
“is the major reducible species in solution. Therefore, many of the analyses for 
bromine and hypobromous acid were made by spectral methods, using a 
Beckman spectrophotometer. The extinction coefficients* for each species were 
measured separately over a range of wave lengths. The concentration of bro- 
mine and hypobromous acid in an unknown solution could then, in many cases, 
be calculated from a knowledge of the optical densities at wave lengths where 
bromate ion does not interfere (above 280 mu, See Fig. 1). The method of 
calculation is in principle straightforward, involving the solution of simul- 
taneous equations of the type: 


D, = E,(HOBr) [HOBr] + E,(Br;)[Brs] a) 
Dy = E,(HOBr) [HOBr] + £,(Br2)[Bro] 


The subscripts a and } denote any two suitable wave lengths above 280 muy; 
the square brackets refer to molar concentrations. For 1 cm. cells, the factor / 
disappears (See footnote). In practice, it was convenient to solve several sets 
of such equations, and the final values were the average of several calculations 
for wave lengths from 310 to 395 mu. 


In the studies of the rate of formation of hypobromous acids where the con- 
centration of this species was low compared to that of bromine, calculations 
of the foregoing type were not always satisfactory, since uncertainities of the 
order of 1% in extinction coefficient of bromine introduced disproportionately 
large errors into the calculation of the concentration of hypobromous acid. 
For these conditions, a useful approximation was developed which gave changes 
(A[HOBr]) in the concentration of hypobromous acid from zero time, but did 
not give the absolute concentration of this species. This approximation is: 


1 D335, ¢ 
A[HOBr], = ———__—— | Pow, t — D310, 0 X ——— (2) 

E3:0( HOBr) 395, 0 
The subscripts ¢ and 0 refer to time, while subscripts 310 and 395 refer to wave 
lengths for which the absorption for hypobromous acid and bromine, respec- 
tively, are large relative to each other. (See Fig. 1.) The derivation of this 

* The extinction coefficient Ey(A) for species A at a wave length d is defined by the relation: 
Optical density = Dy, = 1.E)(A).c = log .. 


where l is the length-of the absorption cell in cm., c 1s the molar concentration of species A, Io ts the 
intensity of light transmitted by the appropriate blank cell, and I 1s the intensity of light transmitted 
by the solution containing species A. 
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equation follows. The change in optical density at 310 my due to the formation 
of hypobromous acid, AD310, 4ogr, is equal to the observed change plus the 
change for that wave length caused by the disappearance of bromine. This 
is given by: 


AD 310, HOBr— D310, thes D310, 0 = D310, 0 | 





D335, _ oe D395, | (3) 


D335, 0 

The term in brackets in a quantitative measure of the relative change in the 
concentration of bromine between zero time and time ¢; since the absorption 
at all wave lengths at zero time is due almost entirely to bromine, this term 
multiplied by D310, 9 represents the change in optical density at 310 my due 
to the disappearance of bromine. Equation (3) simplifies to Equation (2) 


1 
except for the factor =——~—~——~ which is, of course, required to express 
f E310(HOBr) : E 


molar concentration in terms of optical density. The superiority of Equation 
(2) over Equation (1) lies in the fact that Equation (2) eliminates the large 
errors referred to earlier arising from slight uncertainties in the value of the 
extinction coefficients for bromine. It is emphasized, however, that Equation 
(2) does not permit the calculation of the absolute concentration of hypo- 
bromous acid, but only changes in the concentration of this species with time. 


Procedure 

Solutions of bromine and sodium bromate were prepared by addition of 
sodium bromide to excess sodium bromate dissolved in perchloric acid. Other 
solutions were prepared from the appropriate stock solutions by dilution. The 
samples for spectral analysis were prepared in 1 cm. Corex or silica optical cells, 
and stored in the cell compartment of the spectrophotometer at 25.0°C. in the 
absence of light. These cells were fitted with ground-glass stoppers, and sealed 
with wax to prevent loss of bromine. Optical measurements were made at 
intervals by comparison of the intensity of light transmitted by the test solu- 
tion with that transmitted by an appropriately prepared blank matched cell. 
When chemical analyses were to be made, a series of samples was prepared and 
stored in the dark at 25.0°C. These were opened separately as required, aliquot 
portions analyzed, and the remainder of the solution discarded after analysis. 


Experimental Results and Discussion 


Fig. 1 gives the extinction coefficients of bromine, hypobromous acid, and 
bromate ion in 1.6—1.7 M perchloric acid. The general features of this spectrum 
of bromine agree with those in the literature (1), although the quantitative 
agreement is not exact for all wave lengths. The spectra of hypobromous acid 
and bromate ion agree, so far as they are recorded, with earlier measurements 
(3). It is evident from Fig. 1 that bromate ion does not interfere with the 
optical analyses for either of the other two species at wave lengths above 280 
mu. These spectra were rather insensitive to the concentration of perchloric 
acid, at least between 0.4-1.7 M. 
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’ Fic. 1. Extinction coefficients of bromine, hypobromous acid, and bromate ion in 1.66 M 
perchloric acid. 


(t) Reaction between Bromine and Bromate Ion 


Fig. 2 shows a typical initial spectrum, and that after 217 hr., of a solution 
initially 0.0025 M bromine, 0.0825 M sodium bromate, and 1.66 N perchloric 
acid. This solution was prepared by addition of standard sodium bromide to 
excess sodium bromate dissolved in perchloric acid. The optical density in- 
creased with time at wave lengths less than 345 muy, and decreased at longer 
wave lengths, pointing to the disappearance of bromine, and the appearance 
of a new species in solution. Fig. 3 gives for this same experiment a plot of the 
difference between the final optical density and that measured soon after the 
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Fic. 2. Initial and final spectra for a solution originally 0.0825 M bromate, 1.66 M perchloric 
acid, 0.0025 M bromine. 








670 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29 


solution was prepared. Superimposed on this plot is a graph of the function 
E(HOBr) 
E(Bre) 
in optical density, the value of this ratio is 0.4. The area inscribed on the lower 
curve in Fig. 3 represents the probable error in this correlation. It is evident 
that this change in optical density with time of a bromine—bromate solution 
may be associated with a reaction in which bromine disappears and hypo- 
bromous acid is formed, according to: 

2Brz2 —— 5HOBr (5) 
This stoichiometry accounts within experimental error for the observed changes 
in optical density at all wave lengths examined. In particular, in the region of 
345 mu, since Eqyopr) = 0.4 E,g,,), no change in optical density will occur as 
Reaction (5) proceeds. No precise measure of the corresponding small change 
in the concentration of bromate ion could be made in this system. 


vs. wave length. At the wave length corresponding to zero change 
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Fic. 3. Difference between initial and final spectra shown in Fig. 2 (left scale); plot of ratio 
ExoBr/EBr: (right scale). 


In Fig. 4 are shown the changes in concentration of hypobromous acid as a 
function of time for a solution initially 0.0025 M bromine, 1.66 M perchloric 
acid, and 0.0825 M bromate ion. The calculations leading to this result were 
made by application of Equation (2) above to the optical data. It will be re- 
called that such a curve must pass through the origin because of the nature of 
the calculation. Since in Fig. 4 the square of the concentration of hypobromous 
acid is plotted vs. time, the essential linearity of this plot during the first 100 
hr. leads to the rate law: 

“ aq{HOBr] _ k 


dt —«(HOBr| 





(6) 
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Fic. 4. Kinetics of formation of hypobromous acid for a solution originally 0.0825 M bromate, 
1.66 M perchloric acid, 0.0025 M bromine. Changes in the concentration of hypobromous acid 
from zero time are plotted. 


An integrated form of this expression is: 
5 (HOBr} = kt + D, (7) 


corresponding to the plot in Fig. 4, except that the integration constant D is 
zero. The apparent rate constant k, evaluated from the slope of the initial 
linear portion of Fig. 4, has the value 5.9 X 107° moles *? 1.~? hr.—'. This value 
of k includes essentially constant terms involving the concentrations of 
hydrogen ion, bromate ion, and bromine. The value of the rate constant does 
not, of course, depend on a knowledge of D. We shall consider later the problem 
of the experimental evaluation of this constant, i.e., the concentration of hypo- 
bromous acid at zero time. 


The gradual change in slope of the plot in Fig. 4 after 100 hr. may be ascribed 
mainly to the approach of true chemical equilibrium. In support of this state- 
ment, data are now presented relating to the reverse reaction involving dis- - 
proportionation of hypobromous acid. 


(it) Decomposition of Hypobromous Acid 

Fig. 5 shows the initial optical density of 0.01 M hypobromous acid in 1.67 
M perchloric acid, together with the optical density after 193 hr. The original 
optical density corresponds with that for pure hypobromous acid (See Fig. 1), 
while the subsequent changes in the spectrum reveal clearly the disappearance 
of this entity, and the appearance of a species which absorbs light most 
strongly in the region of 390 mu. Again it was found that the optical density 
did not change with time at 345 my. Quantitative calculations of this result 
for all wave lengths examined lead to the following stoichiometry: 

5HOBr —— 2Bro, (8) 

clearly the exact reverse of the reaction described earlier leading to the for- 
mation of hypobromous acid from bromine. 
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Fic. 5. Initial and final spectra for a solution initially 0.01 M hypobromous acid in 1.67 M 
perchloric acid. 


Fig. 6 gives a plot of vs. time for the same experiment. The con- 


oo 
{[HOBr] 
centration of hypobromous acid was calculated from the optical data, using 
appropriate forms of Equation (1). The filled circles in Fig. 6 are the results 
of parallel chemical analyses of identical solutions. For reasons noted earlier, 
they are not of high accuracy, and have been included mainly to give inde- 
pendent confirmation of the interpretation of the optical data. In addition, 
chemical analyses were made for the concentrations of bromate ion in the 
system; it was found that 0.17 + 0.03 mole of bromate were formed for each 
mole of hypobromous acid that disappeared: 


In Fig. 7 are shown further data relating to the disproportionation of hypo- 


bromous acid. Plots are given of vs. time for two solutions originally 
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Fic. 6. Kinetics of disproportionation of hypobromous acid in 1.67 M perchloric acid. 
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Fic. 7. Kinetics of disproportionation of hypobromous acid in 1.67 M perchloric acid and 
indicated concentration of bromate ion. 


0.0077 M hypobromous acid in 1.67 M perchloric acid, and containing initially 
0.0 M and 0.082 VM sodium bromate. The upper result is essentially a duplicate 
of that given in Fig. 6. The lower result in Fig. 7 shows that the rate of dis- 
proportionation of hypobromous acid is relatively insensitive to the concen- 
tration of bromate ion up to at least 0.082 M. Further, since both these lines 
are straight, the reverse reaction involving formation of hypobromous acid 
from bromine is still unimportant after 200 hr. 


This evidence shows therefore that hypobromous acid in higher concen- 
trations is unstable with respect to decomposition into bromine and bromate, 
the rate law being: 

_ @{HOBr] 


i (= RlHOBr? . (9) 


Equation (9) gives on integration the experimentally derived relation: 


kit + Di (10) 


] 
[HOBr] — 


The rate constant k; has the value 0.42 mole™ 1.! hr.—! for disproportionation 
of hypobromous acid in 0.082 M sodium bromate, 1.67 M perchloric acid. The 
value of the integration constant D, has in this case no particular significance; 
it is related to the (arbitrary) concentration of hypobromous acid at zero time. 


(tit) Discussion 
It is permissible to equate the kinetic expressions for the formation (Equation 
(6)) and disappearance (Equation (9)) of hypobromous acid, and solve for the 
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steady state concentration of this species for the particular solution for which 
the rate constants are known. Thus: 

0.42; HOBr}? = os >: (11) 

{[HOBr] 

Solution of Equation (11) leads to a value of 2.4 X 107* M for this quantity. 
This represents a conversion, at equilibrium, of about forty per cent of the 
original amount of bromine in the system (since 0.4 mole bromine form 1.0 
mole of hypobromous acid). 


Other calculations showed that the rate of the disproportionation of hypo- 
bromous acid given by Equation (9) was sufficient to account for the observed 
departure from linearity after 100 hr. of the function giving the rate of 
formation of hypobromous acid (Fig. 4). This substantiates the tentative 
explanation already put forward to account for this effect. 


An instructive approximate calculation of the steady state concentration of 
hypobromous acid can be made by combining the hydrolysis equilibrium: 


_ [HOBr] [Br7] [H*] 
[Bre] 

with the equilibrium constant for the over-all reaction between bromide ion 

and bromate ion: 





Ki (12) 


i [Br>]* 
[Br~}’ (H*}* [BrOs7] 
The thermodynamic equilibrium concentration of hypobromous acid [HOBr],, 
is given by eliminating [Br~] between Equations (12) and (13), leading to: 
[HOBr]., = K°? K, [Br2]* 4 [BrO3~]*? [H*]*? (14) 
Values for the constants K and K, are given in the literature (4, p. 54) together 
with activity coefficient data for perchloric acid and sodium bromate (4, p. 323). 
A value of one was assumed for the activity coefficients of the uncharged 
species bromine and hypobromous acid. Equation (14) can therefore be solved, 
leading to a value of [HOBr].,, of ~ 5 X 107% M for a solution initially 0.0025 
M bromine, 0.082 M sodium bromate, and 1.67 M perchloric acid. Due allow- 
ance was made in the calculation for the fact that the equilibrium concen- 
trations of bromine and bromate differ from their initial concentrations because 
of the formation of hypobromous acid. The agreement of this quantity with 
the value of 2.4 K 107* M determined from the kinetic data may be taken as 
reasonable for this type of calculation. 


(13) 





Qualitatively, the implication of the foregoing calculation is clear: the 
equilibrium concentration of bromide given by the hydrolysis of bromine 
(Equation (12)) is greater than that for the equilibrium involving bromide, 
bromine, and bromate (Equation (13)). This conclusion is strengthened by 
solution of Equations (12) and (13) for their respective equilibrium concen- 
trations of bromide ion, using the appropriate values of the equilibrium con- 
stants (4, p. 54). The concentration of bromide ion in equilibrium with 0.0025 
M bromine in 1.67 M perchloric acid is found to be 3 X 10~*M, while for the 
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same system containing 0.082 M sodium bromate, the corresponding value is 
approximately 5 X 107!°M. Consequently it is possible for the equilibria to 
shift in such a way as to reduce the concentration of bromide, i.e., by oxidation 
of bromide and bromine, and reduction of bromate, to hypobromous acid. 


In an earlier paper (2), it was pointed out that the rate of oxidation of bromide 
by bromate was given by: 
d[BrO;7] 
dt 
It is reasonable to expect that the same rate-controlling process will be oper- 
ative in the formation of hypobromous acid by reaction between bromide and 
bromate, i.e., 


= k(Br-][BrO;-] [H*} (15) 


d{HOBr] ‘ 
+ —— k 
Substitution for [Br~] from Equation (12) into Equation (16) leads to: 
4 d{HOBr] _ p” {[BrO;—] [H*] [Bro] 
dt [HOBr] 
for the kinetic expression governing the rate of formation of hypobromous acid. 
-If the concentrations of bromate, hydrogen ion, and bromine are essentially 
constant (i.e., in the early stages of the reaction). Equation (17) reduces to: 
4 q{HOBr] __—_k’”’ 
, dt {[HOBr] 
This is identical with the experimentally observed relation (Equation (6)) for 
the rate of formation of hypobromous acid in this system. 


[Br~] [BrOs~] [H*} (16) 


(17) 





(18) 





We are led, therefore, to the following as a reasonable, if somewhat idealized, 
explanation of the processes involved. Bromide ion, at concentrations provided 
by the hydrolysis of bromine, is unstable with respect to reaction with bromate. 
This reaction probably leads to the formation of hypobromous acid and con- 
sequent destruction of bromine according to: 


HBrO; + HBr—— HBrO, + HOBr (rate controlling) (19) 
HBr + HBrO,—— 2HOBr, (20) 
with an accompanying shift in the hydrolysis equilibrium: 
2Br. + 2H.O —— 2HBr + 2HOBr (21) 
leading as a net result of Equations (19), (20), and (21) to: 
HBrO; + 2Br. + 2H.O —— 5HOBr (22) 


The stoichiometry of the formation of hypobromous acid from bromine sug- 
gested by Equation (22) is in accord with that found experimentally. 


The disproportionation of hypobromous acid could be considered as the same 
series in reverse: 


2HOBr —— HBrO, + HBr (23) 
HBrO. + HOBr —— HBrO; + HBr (24) 
2HBr + 2HOBr —— 2Br. + 2H,O (25) 





5HOBr —— HBrO; + 2Br, + 2H;O (26) 
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Equation (26) accounts for all aspects of the experimentally observed stoichio- 
metry. The observed rate law for this latter process: 
_ d{HOBr] 
dt 


suggests, but of course does not confirm, that Reaction (23) is rate-controlling 
in the over-all disproportionation of hypobromous acid. 


= k,{HOBr}’, (9) 


In conclusion we return briefly to the problem of the concentration of hypo- 
bromous acid near zero time, i.e., the evaluation of the integration constant D 
in Equation (7). Careful examination at zero time of the spectra of several 
solutions nominally 0.0025 M bromine, 0.082 M sodium bromate in 1.67 M 
perchloric acid led to a value of approximately 3 — 4 X 107* M for the con- 
centration of hypobromous acid. These solutions were prepared in the usual 
way by addition of sodium bromide to an excess of sodium bromate. These 
results imply that in the probable sequence of reactions leading to the for- 
mation of bromine from bromide and bromate: 


HBr + HBrO; —— HBrO, + HOBr (27) 
HBrO.+ HBr —— 2HOBr (28) 
3(HOBr + HBr) —— 3Brz2 + 3H.,0, (29) 


bromate competes favorably with hypobromous acid for the available bromide 
ions. Thus, hypobromous acid formed in Reactions (27) and (28) is not com- 
pletely converted to bromine before the concentration of bromide ion is (ra- 
pidly) reduced to its equilibrium value with respect to Reaction (29). This 
effect may be considered as a protective action of high concentrations of 
bromate ion on hypobromous acid, with respect to reaction with bromide ion. 


A more direct proof of this protective action was obtained in the following 
way. A solution of sodium bromide (0.70 ml. of 0.0240 M, 0.0168 millimole) 
was added to 29.7 ml. of a solution 0.10 M sodium bromate, 6.18 K 107+ M 
hypobromous acid (0.0184 millimole), and 1.67 M perchloric acid, contained 
in a 10 cm. optical cell. Spectral analysis of the resulting solution soon after 
the addition of the sodium bromide showed its concentration to be 5.5 & 10~ 
M hypobromous acid (0.0167 millimole) and 3.44 K 1074 M bromine (0.0105 
millimole). If all the added sodium bromide had reacted with hypobromous 
acid, and none with sodium bromate, then the final concentrations would be: 





00168 _ _ 5.59 x 10-+ M bromine 
29.7 + 0.7 
ii 6 
= 0.0184 — 0.0168 _ 5.3 X 10-5 M hypobromous acid. 
29.7 + 0.7 


Clearly part of the added sodium bromide reacted with bromate ion to produce 
hypobromovus acid; by straightforward calculation from these data it can be 
shown that 38% of the added bromide reacted with bromate ion to produce 
hypobromous acid, and 62% reacted with hypobromous acid to form bromine. 
It should be emphasized that this protective action will be appreciable only 
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when bromate ion is present in large excess. Similar experiments made with 
hypobromous acid and bromate ion in equal concentration showed no such 
effects, all the added bromide reacting exclusively with hypobromous acid to 
form bromine. 
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BIOCHEMISTRY OF THE USTILAGINALES 


IV. THE CONFIGURATIONS OF SOME 6-HYDROXYACIDS AND THE 
BIOREDUCTION OF §-KETOACIDS'! 


By R. U. LEMIEUX AND JACQUES GIGUERE? 


Abstract 


The phytochemical reduction of the 8-keto-n-caproic and 8-keto-n-caprylic 
acids yielded the corresponding pD-8-hydroxyacids. This observation is con- 
trasted to bioreduction of B-ketobutyric acid to L-8-hydroxybutyric acid. The 
basis for the assignment of the above configurations is discussed. L-a-Hydroxy- 
n-valeramide was reduced with lithium aluminium hydride and the product was 
acetylated to yield L-l-acetamido-2-acetoxypentane. The enantiomorphic form 
of the latter compound was obtained through the Curtius degradation of p-6- 
hydroxy-n-caprohydrazide. The configurations assigned to the 6- hydroxy-n- 
caprylic acids are based on the Levene—Marker Rule for the optical rotations of 
homologous compounds. The @-hydroxy-n-caproic and $-hydroxy-n-caprylic 
acids derived from ustilagic acid were thus shown to belong to the L-series. The 
use of infrared spectroscopy in configurational correlations is discussed and the 
infrared spectra of L-G-hydroxybutyrhydrazide, L-G-hydroxy-n-caprohydrazide, 
L- and pL-6-hydroxy-n-caprylhydrazides and p-, L-, and pDL-1l-acetamido-2- 
acetoxypentane are given. 


Friedmann (6) found that the phytochemical reduction of 8-ketobutyric 
acid yielded a large preponderance of the dextrorotatory form of 8-hydroxy- 
butyric acid (rotation measured in water). We have confirmed the work of 
Friedmann and have extended the bioreduction of 8-ketoacids, by rapidly fer- 
menting baker’s yeast (22, pp. 75-117), to the 8-keto-n-caproic and 8-keto-n- 
caprylic acids. The 6-hydroxy-n-caproic and 8-hydroxy-n-caprylic acids thus 
obtained possessed levorotatory methyl ester and hydrazide derivatives, the 
rotations measured in chloroform and water, respectively. On the other hand, 
the methyl ester and hydrazide derivatives of the phytochemically produced 
8-hydroxybutyric acid were dextrorotatory under the same conditions of 
measurement. The magnitudes of the rotations of the methyl esters were such 
that it appeared, on the basis of the Levene—Marker Rule (20) for the estab- 
lishment of the configurational relationship of homologous compounds, that 
the bioreduction yielded configurationally related 6-hydroxy-n-caproic and - 
hydroxy-n-caprylic acids but gave a 6-hydroxybutyric acid of opposite relative 
configuration. This apparent inconsistency in the stereochemical course of the 
phytoreduction of these homologous compounds was definitely established by 
the correlation of the configurations of the 6-hydroxybutyric acids and the 
8-hydroxy-n-caproic acids on the following basis. Karrer and Klarer (10) and 
Levene and Haller (15) independently correlated the configurations of the 8- 
hydroxybutyric acids with those of the lactic acids. The configurational rela- 
tionships between the lactic acids and the a-hydroxy-n-valeric acids were estab- 

1 Manuscript received April 2, 1951. 
Contribution from the National Research Council, Prairie Regional Laboratory, Saskatoon, 
Sask. Issued as Paper No. 118 on the Industrial Utilization of Wastes and Surpluses and as 
N.R.C. 2473. Presented in part at the 34th Annual Conference, The Chemical Institute of Canada, 


Winnipeg, June 18-20, 1951. 
2 National Research Council of Canada Postdoctorate Fellow. 
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lished by Levene and Haller (17). We have correlated the configurations of the 
B-hydroxy-n-caproic acids with those of the a-hydroxy-n-valeric acids and thus 
with those of the 6-hydroxybutyric acids. 
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Fic. 1. The correlation of the configurations of D-B-hydroxy-n-caproic acid (XX XI) and v- 
lactic acid (I). The names, rotations, and references to the literature for the compounds are given 
tn Table I. O.1.= Optical isomers. 
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Fig. 1 and Table | review briefly the important work by Levene and co- 
workers (14-18) on the correlation of the configurations of the a-hydroxy-n- 
valeric acids, through the 8-hydroxybutyric acids, to those of the lactic acids. 
Further, the substances prepared by us for the correlation of the configurations 
of the 8-hydroxy-n-caproic acids to those of the a-hydroxy-n-valeric acids are 
included. Table I lists the optical rotations which were measured in the charac- 
terization of the compounds shown in Fig. 1. These values are not necessarily 
those to be expected for optically pure preparations. 


It is our purpose to assign D- and L-configurations to the compounds encoun- 
tered in this work and, in doing so, it seemed desirable to extend the allocation 
of configurations to all the compounds shown in Fig. 1. Such assignments are 
based on conventions which have been stated explicitly only for the sugar 


TABLE I 


THE ASSIGNMENT OF CONFIGURATIONS AND THE OPTICAL ROTATORY 
POWER OF THE SUBSTANCES IN FIG. 1 

















Optical rotatory power | Refer- 
No.* Compound | ence 
|  [a]p %.. Solvent eS 4 
I p-Lactic acid levo - - ~ 15 
II Ethyl p-lactate +10.7 22 | Undiluted - 15 
III (a) p-1,2-Propanediol — 1.85 | 21 | Ethanol 35 15 
II1(d) p-1,2-Propanediol levo — | Water - 14 
II1(c) p-1,2-Propanediol }— 1.548 | -— | Water 8.17; 10 
IV p-1-Amino-2-propanol hydrochloride |—31.2 26 | Water 1.6 14 
V p-B-Hydroxybutyramide — 22.49 20 | Water 2.55; 10 
VI p-B-Hydroxybutyrhydrazide —29.3 31 | Ethanol 2.05 14 
VII p-6-Hydroxybutyric acid —24.5 25 | Water 5.06 14 
VIII L-B-Hydroxybutyric acid +10.3 22 | Water 6.1 16 
1X Methyl L-6-hydroxybutyrate + 8.6 22 | Undiluted | - 16 
X(a) L-1,3-Butanediol + 7.5 22 | Ethanol 10.0 16 
X(b) L-1,3-Butanediol +18.5 22 | Ethanol | 10.0 16 
XI L-1-Amino-3-butanol hydrochloride |+11.8 22 | Water 13.3 16 
XII L~y-Hydroxyvaleramide + 9.4 22 | Ethanol 2.02 16 
XIII L-y-Valerolactone —23.2 | 22 | Undiluted = 16 
XIV p-y-Valerolactone +13.5** | 20 | Undiluted - 18 
XV p-1,4-Pentanediol — 4.90 | 22 Ethanol 31.6 18 
XVI p-1-lodo-4-pentanol - - — - 18 
XVII L-2-Pentanol — 1.29**| -— | Undiluted - 18 
XVIII p-2-Pentanol +14.3 20 | Ethanol 7.00, 17 
XIX p-1-Bromo-2-pentanol +10.5** | 20 | Undiluted - 17 
XX p-1,2-Pentanediol +16.2 20 | Ethanol 8.00 17 
XXI L-1,2-Pentanediol — 9.8 20 | Ethanol 7.80; 17 
XXII Ethyl L-a-hydroxy-n-valerate — 5.05**| 20 | Undiluted ~ 17 
XXIII L-a-Hydroxy-n-valeric acid + 1.5 20 | Aq. BaCls 12.7 17 
XXIV Methyl L-a-hydroxy-n-valerate +16.6 23 | Chloroform 1.2 
XXV L-a-Hydroxy-n-valeramide —60 24 | Ethanol 1.5 
XXVI L-1-Acetamido-2-acetoxypentane —25 23 | Chloroform ra 
XXVIII | p-1-Acetamido-2-acetoxypentane +21 23 | Chloroform | 0.33 
XXVIII | p-1-Amino-2-pentanol - - - } = 
XXIX_ | v-8-Hydroxy-n-caprohydrazide 1}—15.9 23 | Water 1 
XXX Methyl p-G-hydroxy-n-caproate |—27.1 24 | Chloroform 1 
XXXI_| p-6-Hydroxy-n-caproic acid |  levo | =— | Chloroform - | 
| 





* These numbers refer to the stereo-formulas of Fig. 1 
** Observed rotation. 
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(2; 7, pp. 1-22; 26) and amino-acid (31, 33) groups of substances. Conse- 
quently, it is necessary to state the basis for the assignments made in Table I. 
Since all the compounds involved in this discussion possess normal carbon 
skeletons, Fischer’s first convention (7, p. 7) for writing stereo-formulas can 
be applied without ambiguity. Hudson has emphasized that Fischer’s stereo- 
formulas are quite independent of any plan of nomenclature and to quote 
(7, p.1) “‘these stereo-formulas that are written in a plane, and independently also 
the assigned systematic names, define the mechanical models of the two sub- 
stances in three-dimensional space’’. This viewpoint amounts to a provisional 
assignment of absolute configurations and should be contrasted to that de- 
scribed by Wheland (32, p. 181). Although the interpretation of plane con- 
figurations in the manner outlined by Wheland does not infer unknown points 
of structure, the use of Fischer stereo-formulas and Hudson’s suggestion 
(7, p. 7; 8) for their more definitive representation have gained, for good reasons, 
wide acceptance in stereochemistry (2). The assignment of D- and L-configura- 
tions to enantiomorphic pairs of compounds on the basis of Fischer’s stereo- 
formulas depends on conventions for the orientation of the reference centers. 
No agreed upon set of conventions exists which can be applied generally and, 
for example, Wolfrom, Lemieux, and Olin (33) have recently pointed out that 
* it is not clear whether malic acid should be treated as 2-hydroxy- or 3-hydroxy- 
succinic acid. According to recently published rules (2) for carbohydrate 
nomenclature, the following g/ycero-compound is assigned the D-configuration 
if Y is the principal function. However, a basis for the classification of func- 
tional groups was not provided. A survey of the literature where D- and L- 
configurations were allocated reveals that in practice the functional group with 














A Ree COOH ag — 
ne : ; fs ay 
H—M—OH H——OH H——OH H—M—NH H——OH 
biel at Fs uae Fs : te, 
X¥ CH.OH CH; CH; CH; 


the higher degree of oxidation was considered the principal function. Thus, 
the stereo-formulas assigned to D-glyceraldehyde (7, p. 9), D-lactic acid (34), 
p-alanine (33), and p-1, 2-propanediol (21) are as shown. The names assigned 
to the stereo-formulas shown in Fig. 1 and listed in Table I were formulated on 
this basis except for compounds XVII and XVIII, the enantiomorphic 2- 
pentanols. The assignment of D- and L-configurations to these substances, on 
the basis of the above scheme, is not straightforward. However, O’Gorman 
and Lucas (25) have assigned the D-configuration to dextro-2-octanol. Since 
Levene and Harris (19) have provided evidence that dextro-2-octanol can be 





CHs CH: 
H<:>0H > HK Sou 
COOH CoH 


considered as derived from L-lactic acid as shown, the methyl group was con- 
sidered the principal function. Furthermore, Leroux and Lucas (13) have since 
assigned the following formula to L-2-butanol. 
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CH; 


! 


HO-C-H 


' 

CH, 

CH; 
It is on this basis that compounds XVII and XVIII were termed L- and D-2- 
pentanol, respectively. 


L-a-Hydroxy-n-valeric acid (XXIII), which is dextrorotatory in aqueous 
barium chloride solution, was converted through the methyl! ester (XXIV) to 
L-a-hydroxy-n-valeramide (XXV). The reduction of simple amides with 
lithium aluminum hydride usually yields amines (24, 30). The product of the 
reduction of L-a-hydroxy-n-valeramide, m.p. 78°-79°C., [a]p — 60° (ethanol), by 
this reagent was acetylated. Fractional distillation of the product yielded L-1- 
acetamido-2-acetoxypentane (X XVI), which after recrystallization melted at 
57°-58°C. with [a]p —25° (chloroform) and +15° (ethanol). The crystalline 
substance possessed, except for some small shifts, the same infrared absorption 
spectrum (see Fig. 2) as that found for crystalline DL-1-acetamido-2-acetoxy- 
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Fic. 2. Infrared’spectra. Curve 1. D-1-acetamido-2-acetoxypentane. 
Curve 2. DL-1-acetamido-2-acetoxypentane. 
Curve 3. L-1-acetamido-2-acetoxypentane. 
- - - - Nujol absorption bands. 
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pentane, m.p. 73.5°-74°C., prepared in the same manner from DL-a-hydroxy- 
n-valeramide, m.p. 133°-134°C. The structure of the DL-1-acetamido-2-aceto- 
xypentane was substantiated by the fact that the material possessed the 
expected elementary composition, showed infrared absorption bands character- 
istic of both esters and amides, and possessed three terminal methyl groups. 


The Jevo-8-hydroxy-n-caprohydrazide (XXIX) (aqueous solution), pre- 
pared from the 6-hydroxyacid (XX X1) obtained by phytochemical reduction 
of 8-keto-n-caproic acid, was subjected to Curtius degradation (14). The sym- 
urea produced was hydrolyzed to l-amino-2-pentanol (XXVIII) which was 
not isolated but acetylated to yield a product which on fractional distillation 
afforded a component which, after two recrystallizations from ether —Skelly- 
solve C, melted at 55°-59°C. with [a]p +21° (chloroform) and [a]p — 10° (eth- 
anol). The substance (X XVII) possessed an infrared absorption spectrum 
(Fig. 2) identical to that found for the above described L-1l-acetamido-2- 
acetoxypentane (XXV!I). However, the compound possessed optical rotatory 
properties which were opposite in sign to these found for the L-isomer. That 
the substances were optical antipodes was further established by admixture of 
the two materials and recrystallization to vield a substance identical to DL-1- 
acetamido-2-acetoxypentane. It was thus clear that the J/evo-8-hydroxy-n- 
caproic acid (XX XI) obtained by bioreduction possessed the D-configuration. 
Since the dextro-8-hydroxybutyric acid (VIII) obtained by the phytochemical 
reduction of 6-ketobutyric acid (6) was shown (10, 15) to have the L-con- 
figuration, it is clear that the phytochemical reduction of the Cy- and C,-8- 
ketoacids yielded configurationally unrelated hydroxyacids. 


Table II lists the specific rotations of the hydrazide and methyl ester deri- 
vatives of both the p- and L-forms of the 6-hydroxybutyric, 8-hydroxy-n- 
caproic, and 8-hydroxy-n-caprylic acids. Since Friedmann (6) showed that the 
phytochemical reduction of 6-ketobutyric acid did not yield optically pure 
L-8-hydroxybutyric acid, it is possible that the rotation shown for the methyl 
levo-8-hydroxy-n-caprylate is somewhat low. On the other hand, the rotation. 
shown for the methyl dextro-8-hydroxy-n-caprylate may be somewhat high 
because of incomplete separation from the methyl] dextro-8-hydroxy-n-caproate 
with which it occurred in ustilagic acid (11). Since the numerical value for the 
specific rotations of the enantiomorphic methyl esters must be intermediate 
between these two values, the Levene—Marker Rule (20) can be applied without 
reservation to assign the configurations shown. A decision based on the rota- 
tions of the hydrazides yields the same result but is considered somewhat more 
hazardous. 


Thus the phytochemical reduction of the 8-keto-n-caproic and 6-keto-n- 
caprylic acids followed the same stereochemical routes to yield D-hydroxyacids 
while L-8-hydroxybutyric acid was obtained on the bioreduction of 8-keto- 
butyric acid. Table II lists the rotations found for the L-8-hydroxy-n-caproic 
and p-6-hydroxy-n-caprylic acids in chloroform solution. On the basis of these 
values, the 8-hydroxydecanoic acid derived by Jarvis and Johnson (9) from the 
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glycolipid formed in Pseudomonas aeruginosa cultures possessed the D-config- 
uration. It is interesting to note that p-6-hydroxybutyric acid is widely dis- 
tributed in nature (1; 3, p. 154; 12) and L-8-hydroxy-n-caproic and L-8-’ 
hydroxy-n-caprylic acids were isolated from ustilagic acid (11) but the phyto- 
chemical reduction of the corresponding ketoacids led in each case to the 
enantiomorphic form. 


The infrared spectra found for Nujol mulls of the hydrazide derivatives of 
the L-6-hydroxybutyric, D-@-hydroxy-n-caproic, D-8-hydroxy-n-caprylic, and 
DL-8-hydroxy-n-caprylic acids are shown in Fig. 3. Since hydrazides form con- 
venient derivatives for the identification of organic acids (27), these spectra 
may be of value for the future identification of the above substances. The 
infrared spectra of enantiomorphic forms are identical. Solutions of an optically 
active substance and the racemic modification should therefore display iden- 
tical spectra unless strong differences in association exist, which is unlikely. 
The spectra of a substance in solution and in the crystalline state are well known 
to differ, often the difference is great. Since the optically active and racemic 
forms of an organic compound nearly always differ in melting point, the assoc- 
iations of the molecules in the crystal lattices must differ. Nevertheless, the 
possible use of the infrared spectra of crystalline substances in Nujol mulls for 
the identification of naturally occurring optically active substances which can 
be synthesized most readily in the racemic form is emphasized by the near 
identity. of the spectra found for the p- and pL-forms of 8-hydroxy-n-capryl- 
hydrazide (Fig. 3) and for the D-, L-, and pL-forms of 1-acetamido-2-acetoxy- 
pentane (Fig. 2). Since organic structures can be determined quantitatively by 
this technique, the method should be of value to characterize materials prepared 
for the establishment of configurational correlations when the conditions used 
in the preparation unavoidably lead to partial racemization. This application 
should be especially useful when the materials in question cannot be obtained 
in the crystalline state. 


Experimental 
Instrumentation 
The infrared spectra, specific rotations, and melting points were determined 


as previously described (11). All rotations were measured at room temperature, 
23°-25°C. The melting points are uncorrected. 


Saponification of the 8-Ketoacid Ethyl Esters 


Ethyl 8-keto-n-caproate was prepared in the manner described by Fischer, 
Goldschmidt, and Niissler (5). The same procedure was used for the prepara- 
tion of ethyl 8-keto-n-caprylate (28). The yield of twice distilled ester, b.p. 
112°-113°C. (12 mm.) was 60% of theory. 


A commercial preparation of ethyl acetoacetate was saponified in the manner 
described by Friedmann (6) to yield an aqueous solution of potassium 6-keto- 
butyrate in 87% yield based on the decomposition of a sample in dilute sul- 
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phuric acid and the estimation of the acetone formed and isolated by distil- 
lation using the alkaline hypoiodite method (23, p. 274). The higher esters, 
100 m.e., were dissolved in 60 ml. of ethanol and to the mechanically stirred 
solutions, cooled in ice water, 108 m.e. of aqueous potassium hydroxide, 0.5 N, 
was added dropwise. After they were stirred for an additional hour, the solu- 
tions were allowed to stand at room temperature overnight. The solutions were 
concentrated in vacuo to about 100 ml. and made neutral to phenolphthalein. 
Although the analysis of methyl propyl and methyl pentyl ketones by the 
above method for the estimation of acetone was probably not quantitative, 
the yields of potassium 6-keto-n-caproate and potassium §-keto-n-caprylate, 
thus measured, corresponded to 85 and 89% of theory, respectively. 


Phytochemical Reductions 


The potassium salt of the 6-ketoacid, about 80 m.e. in aqueous solution, was 
combined with p-glucose, 400 gm., and water to yield one liter of solution. 
Fleischmann baker’s yeast, 900 gm., was dispersed by gentle agitation in a 
Waring blendor into one liter of water which contained 1 gm. of potassium 
dihydrogen phosphate and 0.5 gm. of magnesium sulphate. The yeast sus- 
pension and the glucose solution were combined in a nine liter glass bottle and 
efficiently stirred at room temperature for one to two days. The fermentation 
mixture was then diluted with two liters of water, 40 ml. of 25% sodium 
hydroxide, and 10 ml. of toluene. The yeast cells were removed in a Sharples 
supercentrifuge and the centrifugate was freed of protein by the precipitation 
of zinc hydroxide according to Somogyi (29). The fermentation broth was 
adjusted to pH 7 and 200 ml. of a solution which contained 50 gm. of zinc sul- 
phate heptahydrate was added. The amount of 25% sodium hydroxide re- 
quired to completely precipitate the zinc ions was added and the voluminous 
precipitate was removed by filtration with the aid of Celite and washed with 
about one liter of water. The filtrate was concentrated in vacuo to about 700 ml. 
and after the addition of 25 ml. of concentrated hydrochloric acid, the solution 
was extracted continuously with ether. The ether extract was dried over sodium 
sulphate and the acid content was converted to methyl ester by diazomethane. 
After removal of the ether, the methyl esters were purified by fractional distil- 
lation. Some dimethyl] succinate was always present and in some experiments 
succinic acid precipitated from the ether extract. 


The yield of methyl L-8-hydroxybutyrate, n} 1.4195, [a]p +33.3° (c, 1.2 in 
chloroform), was 3.11 gm., that of methyl p-8-hydroxy-n-caproate, n> 1.422, 
[a]p —27.1° (c, 1 in chloroform), was 1.90 gm. and that of methyl D-6-hydroxy- 
n-caprylate, nj 1.432, [a]p —18.4° (c, 1 in chloroform), was 3.30 gm. 


Hydrazides of the B-Hydroxyacids 

These derivatives were prepared and characterized as previously described : 
(11). Purification was by recrystallization from ethanol to constant rotation 
and melting point. The melting points and specific rotations found are listed in 
Table II and the infrared spectra are shown in Fig. 3. 
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Fic. 3. Infrared spectra. Curve 1. .L-B-hydroxybutyrhydrazide. 
Curve 2. .-B-hydroxy-n-caprohydrazide. 
Curve 3. 1-B-hydroxy-n-caprylhydrazide. 
Curve 4. DL-B-hydroxy-n-caprylhydrazide. 
---- Nujol absorption bands. 


Methyl L-a-Hydroxy-n-valerate 

DL-a-Hydroxyvaleric acid was prepared by the acid hydrolysis of DL-a- 
hydroxyvaleronitrile. The nitrile was best prepared by the interaction of the 
butyraldehyde- sodium bisulphite addition compound with potassium cyanide. 
The acid was isolated by continuous ether extraction and converted to the 
ethyl ester which was purified by distillation. The pure ester was saponified 
and the acidified mixture was extracted continuously with ether to yield the 
DL-a-hydroxyvaleric acid which was resolved in the manner prescribed by 
Levene and Haller (17). The acid, 65 gm., was dissolved in 600 ml. of boiling 
acetone with 220 gm. of brucine. The salts which crystallized on cooling were 
recrystallized 13 times from acetone to yield 74 gm. of material. This salt was 
decomposed with hydrochloric acid and the hydroxyacid was obtained in ether 
solution by continuous extraction. The ether solution was treated with an 
excess of diazomethane and the methy! L-a-hydroxy-n-valerate, b.p. 69°-70°C. 
(25 mm.), np 1.4212, [a]p +16.6° (c, 1.2 in chloroform) was isolated by frac- 
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tional distillation at reduced pressure. Levene and Haller (17) reported the 
following optical properties for L-a-hydroxy-n-valeric acid (Fig. 1, XXIII) 
and its barium salt, [a]?? +1.5° (c, 12.7 in aqueous barium chloride) and [a]j) 
—4.9° (c, 3.16 in water), respectively. The rotations of the corresponding sub- 
stances, derived from the above methyl ester, were found to be: free acid, [a]p 
+1.3° (c, 12.7 in aqueous barium chloride by decomposition of the barium salt 
with hydrochloric acid), barium salt, recrystallized from aqueous acetone, 
[a]p —9.6° (c, 3.2 in water). 


L-a-Hydroxyvaleramide 

Methyl L-a-hydroxyvalerate, 3.6 gm., [a]p +16.6° in chloroform, was dis- 
solved in 50 ml. of dry methanol saturated with ammonia and the solution 
was heated for six hours at 100°C. The solution was evaporated im vacuo to a 
sirup which soon crystallized. The crystals were treated with 150 ml. of warm 
ether and the insoluble portion was removed by filtration. The filtrate was 
diluted to turbidity with Skellysolve C. Large plates separated on cooling which 
were recrystallized from the same solvent mixture. The yield was 1.5 gm. of 
material, m.p. 78°-79°C., [a]p —60° (c, 1.5 in ethanol). Calc. for CsH1,02N: C, 
51.26; H, 9.47%. Found: C, 51.20; H, 9.24%. 


DL-a-Hydroxyvaleramide 

This amide, m.p. 133°-134°C., was prepared as described above. However, 
owing to the sparing solubility in ether, it was purified by recrystallization 
from ethanol. Calc. for CsH1:02N: C, 51.26; H, 9.47%. Found: C, 51.20; 
H, 9.62%. 


L-1-Acetamido-2-acetoxy pentane 

L-a-hydroxyvaleramide, 1.5 gm., was dissolved in 250 ml. of dry ether. To 
the stirred solution, cooled in ice water, an excess of an ethereal solution of 
lithium aluminum hydride (4) was added over a period of one-half hour. The 
mixture was then refluxed for three hours. The excess lithium aluminum 
hydride was destroyed by the addition of ethanol and the solution was poured 
into 300 ml. of water. The ether was removed by heating on the steam bath 
and the insoluble salts were removed by filtration. The filtrate was made acid 
to Congo red indicator with hydrochloric acid and reduced in vacuo to a salt 
cake. The salts were heated with 50 ml. of acetic anhydride and 2 gm. of sodium 
acetate for three hours at 100°C. The resulting mixture was added to 100 ml. 
of ice water. After the acetic anhydride was hydrolyzed, the solution was 
extracted four times with ether and the combined ether extracts were neutra- 
lized with sodium bicarbonate. The ether layer was dried over sodium sulphate 
and removal of the ether by distillation gave a yellow oil which was fractionally 
distilled. The first fractions consisted of a colorless liquid, [a]p +60° (c, 1.3 in 
chloroform), which appeared to be 1,2-diacetoxypentane. The highest boiling 
fraction, b.p. 102°C. (0.2 mm.) was a viscous liquid which soon crystallized. 
The vield was 0.70 gm. of substance which after recrystallization from ether — 
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Skellysolve C melted at 57°-58°C. with [a]p +15° (c, 1.1 in ethanol) and —25° 
(c, 1.1 in chloroform). The infrared spectrum of a Nujol mull is shown in Fig. 2. 
Calc. for CgH170O3N: C, 57.75; H, 9.16%. Found: C, 57.40; H, 8.93%. 


DL-1-Acetamido-2-acetoxy pentane 

Since DL-a-hydroxyvaleramide was only sparingly soluble in ether, the 
material was added to a light excess of lithium aluminum hydride by continous 
extraction. A sintered-glass funnel containing the amide, 1.5 gm., was sus- 
pended above the refluxing solution of the hydride in order that the condensate 
would percolate through and dissolve some of the amide before returning to the 
reaction flask. The extraction was complete after three days. DL-1-acetamido- 
2-acetoxypentane, m.p. 73.5°-74°C., was prepared from the reaction mixture 
in the manner described above for the preparation of the L-form. The material 
boiled at 100°C. at 0.17 mm. and was recrystallized from ether — Skellysolve C. 
The infrared spectrum of a Nujol mull is shown in Fig. 2. Calc. for CH; 
(CsHsON) (COCHS)2: N, 7.48%; terminal methyl groups as % acetyl, 68.9. 
Found: N, 7.44%; terminal methyl groups as % acetyl, 66.2. 


D-1-Acetamido-2-acetoxy pentane 

p-8-Hydroxy-n-caprohydrazide, 1 gm., was dissolved in 20 ml. of 15% 
hydrochloric acid and 15 ml. of ether was added. To the mechanically stirred 
mixture, cooled to 0°C., a solution of 1 gm. of sodium nitrite in 2.5 ml. of water 
was added dropwise. The ether layer was isolated and the aqueous residue was 
extracted three times more with ether. The combined ether extracts were 
washed once with sodium bicarbonate solution and once with water and added 
to 35 ml. of 90% aqueous acetone. The ether was removed by distillation and 
the acetone solution was refluxed for 22 hr. The solvents were evaporated in 
vacuo to yield 0.78 gm. of the crystalline urea derivative which was not purified 
but was hydrolyzed directly by heating at 135°C. for six hours with 1 ml. of 
concentrated hydrochloric acid. The resulting solution was evaporated to the 
dry amine hydrochloride which was heated for two hours on the steam bath. 
with 25 ml. of acetic anhydride and 1 gm. of sodium acetate. The acetyl! deri- 
vative was isolated as described above. Fractional distillation yielded a 0.45 
gm. fraction of a material which soon crystallized. After two recrystallizations 
from ether — Skellysolve C the substance melted at 55°-59°C. with [a]p — 10° (c, 
0.33 in ethanol) and +21° (c, 0.33 in chloroform). Nujol mulls of the material 
and L-1-acetamido-2-acetoxypentane showed identical infrared spectra (Fig. 2). 
The material, 14 mgm., was mixed with 13 mgm. of L-1-acetamido-2-acetoxy- 
pentane and the mixture was recrystallized from ether—Skellysolve C. The 
yield was 20 mgm., 74%, of crystals which melted at 73°-74°C. and this melting 
point was not changed on admixture of DL-acetamido-2-acetoxypentane, m.p. 
73.5°-74°C. 
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CHEMICAL EFFECTS OF THE Cl*(y, n)Cl* REACTION 
IN SODIUM CHLORATE! 


By K. J. McCaLt_um anp O. G. HOLMEs? 


Abstract 


The distribution of Cl* among different valence states following the 
Cl*(y,n)Cl** reaction in solid sodium chlorate has been investigated, using a 
betatron as the source of gamma rays. The percentage of the activity in the 
hypochlorite and perchlorate fractions differed from zero by less than the ex- 
perimental error; the small activity separated with the chlorite fraction could 
be accounted for by an exchange reaction between chloride and chlorite ions. 
The major part of the activity, 91+2%, was present in the chloride fraction, 
the remainder of the activity being present as chlorate ion. One-quarter of the 
activity in the chlorate fraction could be accounted for by an exchange reaction 
between chloride and chlorate ions. The results were not affected by an alter- 
ation in the peak energy of the gamma rays or by a change in the amount of 
radiation. The results are compared with those following the Cl?7(m,7y)CI* 
reaction in the same compound. 


Introduction 


In 1934 Szilard and Chalmers (12) observed that, when ethyl iodide was 
bombarded with slow neutrons, a considerable fraction of the radioactive 
iodine atoms formed by the neutron capture process appeared in the form of 
free iodine or iodide ions and could be separated from the unchanged ethyl 
iodide. The fraction of the radioactive species which remains combined in 
the form of the original bombarded material has been termed the retention. 
In recent years, a study of the Szilard—Chalmers effect following neutron 
bombardment has been made on a wide variety of organic and inorganic 
compounds (3). 


The expulsion of the radioactive atom from the molecule as a result of the 
nuclear reaction is usually ascribed to the momenta of the gamma rays emitted 
in the neutron capture process. In most cases, the recoil energy imparted to’ 
the nucleus, calculated on the assumption that one gamma ray only is emitted, 
is greater than chemical bond energies. Although the total recoil energy is 
not available for bond rupture (8), in most cases, breakage of the bond is to 
be expected. However, if the total gamma ray energy is distributed over 
several quanta, emitted in cascade, the resultant recoil of the nucleus may be 
much less, depending upon the number and directions of the emitted gamma 
rays. In cases where the recoil energy is insufficient to cause immediate bond 
rupture, sufficient activation energy may be present to initiate a chemical 
reaction. When solids.and liquids are bombarded, it is often found that the 
retention is greater than zero, even in compounds where bond rupture occurs 
in every case. The nonzero retention often found for the effect in condensed 
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media has been explained by Libby (8) as due to the re-entry of the high energy 
recoiling atom by a reaction with neighboring molecules during the later stages 
of its cooling down process. 


The chemical effects of the Cl*7(m, y)CI** reaction in chlorates have been 
studied by Amaldi and co-workers (1), D’Agostino (4), and Libby (9). These 
results showed that nearly all of the induced Cl** activity could be separated 
from the chlorate in the form of chloride ion. The energy of the gamma 
radiation accompanying the reaction, as calculated from the masses of the 
neutron and the chlorine isotopes (6), is 6.2 Mev. If this is emitted as a single 
photon, the recoil energy imparted to the chlorine nucleus is about 540 ev. 


The (vy, 2) reaction is another type of nuclear reaction which involves no 
change in atomic number. To produce this reaction, the energy of the gamma 
rays used in the irradiation must be larger than a characteristic threshold 
value. In most cases, the momentum of the gamma ray, which is transferred 
to the target nucleus, is itself large enough to produce recoil energies larger 
than bond energies. In addition, the excess energy of the gamma ray over the 
threshold value appears as excitation energy of the product nucleus plus 
kinetic energies of the product nucleus and the ejected neutron. When the 
excitation energy is small compared to the kinetic energies, the recoil energy 
of the product nucleus may be several orders of magnitude greater than the 
recoil energy imparted to a nucleus of comparable mass in the neutron capture 
reaction. This is illustrated by the following example. For the reaction 
Cl*(y, n)Cl*, with the CI* nucleus in its ground state, the threshold energy 
as calculated from the masses of the neutron and the nuclei (6) is approxi- 
mately 11 Mev. If gamma rays of 24 Mev. energy are used, and the product 
nucleus formed in its ground state, the recoil energy of the Cl* nucleus due 
to the ejection of the neutron is approximately 370,000 ev., compared to the 
recoil energy of 540 ev. for the Cl** nucleus from the Cl*7(m, ~)Cl** reaction. 


Considerable chemical effects can be expected to follow photoneutron re- 
actions. In only a few cases have such effects been reported (2, 7). This 
paper reports a study of the Cl*(y, 2)Cl* reaction in sodium chlorate. 


Procedure and Results 


The irradiations were performed with the betatron at the University of 
Saskatchewan. Crystals of the cubic form of sodium chlorate were irradiated 
in a small Pyrex test tube which was shielded by 1 mm. of cadmium foil and 
5 cm. of Lucite. The amount of irradiation was measured by a Victoreen air 
chamber r-meter, shielded by 5 cm. of Lucite. The sample dosage measured 
in this way is thus not a direct measurement in roentgens of the quantity of 
energy absorbed by the sample of sodium chlorate, but is roughly proportional 
to the number of incident photons. 


The decay of an irradiated sample of sodium chloride was followed in order 
to characterize the activity produced. The sample was irradiated with 1600 
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roentgens of 24 + 0.5 Mev. peak energy gamma rays for a five minute period. — 
The activity decayed with a half-life of 32 min. over a period of four half- 
lives. The half-life of Cl* is reported to be 32 + 1 min. (5). Only one active 
component could be detected. It was conceivable that some activity due to 
Cl*8, caused by neutron contamination of the beam, could have been produced, 
but the presence of the cadmium foil around the irradiated material ensured 
that slow-neutron induced activities were negligible compared to the activity 


of Cl*. 


In the experiments with sodium chlorate, the activities of the various 
chlorine fractions were determined by counting the fraction as a silver chloride 
precipitate mounted on an aluminum disc. The corrections for the self- 
absorption of the Cl* radiation in silver chloride were determined experi- 
mentally. In the calculation of the percentages of the activity found in the 
different fractions, corrections were applied for the decay of the active isotope 
during the course of the experiment, for self-absorption and for the fraction of 
the materials present which were taken for counting. The uncertainties re- 
ported in Table I include statistical errors in counting and estimates of the 
uncertainties in the self-absorption correction and in the determination of the 
percentage of the given chlorine fraction which was taken for counting. 


TABLE I 


DISTRIBUTION OF CI** FOLLOWING THE Cl®(y,2)Cl** REACTION IN SODIUM CHLORATE 








) 











Expt. | Irradiation* Percentage of activity in fractions separated 
No. | treatment | | | 
ci- | ac-+0c; ce, Co; | COI 
1 | 1600 r. at 24 Mev. 91+2 | 9+2]|0+1 
2 1600 r. at 24 Mev. | 9342 7+2 
3 1600 r. at 24 Mev. 91+2 | 1+0.5 8+2 
4 3200 r. at 24 Mev. 91+2 9+2 
5 3200 r. at 24 Mev. | 
plus 91+2 | 9+2 
3200 r. at 12 Mev. | 
6 1600 r. at 18 Mev. | 92 +3 | 8+3 
" f 3200 r. at 24 Mev. then | 
heated five min. at 125°C. | 90 +2 | 10+2 
8 3200 r. at 24 Mev. then | 
heated five min. at 125°C., | 89 +2 1l+2 
then 1600 r. at 12 Mev. | 
| | 

















*The dosage is expressed as roentgens measured on a Victoreen air chamber r-meter. The 
energy value is the peak energy of the gamma rays from the betatron, with an uncertainty of 0.5 Mev. 


1. Determination of Distribution of Activity 


Chemical treatment of the irradiated sodium chlorate was carried out to 
determine the chemical form in which the radioactive chlorine appeared. 


In Experiment 1, 1 gm. of sodium chlorate was irradiated with 1600 roent- 
gens of gamma rays of peak energy 24 + 0.5 Mev. over a period of ten minutes. 
The sample was dissolved in 5 ml. of distilled water containing 2.5 mgm. 
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chlorine as chloride and 2.5 mgm. chlorine as perchlorate. The chloride was 
then precipitated with silver nitrate, and the precipitate removed by centrifu- 
gation. To ensure complete removal of chloride activity, a second chloride 
fraction was precipitated after the addition of ammonia, chloride carrier and 
neutralization with nitric acid. The chlorate ion in the filtrate was reduced 
with sodium nitrite and precipitated as silver chloride. This treatment would 
also reduce any chlorine compounds of intermediate valence states which 
might be present. The perchlorate ion remaining in the filtrate was then 
precipitated with methylene blue. 


The four precipitates representing the two chloride fractions, the chlorate 
plus intermediate states, and the perchlorate fraction were counted for activity 
using a thin-window Geiger counter. It was found that within the experi- 
mental error of the determination, all of the chloride activity was found in the 
first chloride fraction. The average values for the percentages of the total 
activity which appeared in the different fractions, as found from duplicate 
experiments, are given in Table I as Experiment 1. 


For Experiment 2, the irradiated sodium chlorate was dissolved in a solution 
containing both chloride and hypochlorite ions. The hypochlorite ion was 
reduced to chloride with a small quantity of potassium iodide. Silver nitrate 
was added to precipitate a mixture of silver chloride and silver iodide. A 
second chloride fraction and the chlorate fraction were precipitated as in 
Experiment 1. The results are shown in Table I. 


For Experiment 3, the irradiated crystals were dissolved in 5 ml. of a solution 
containing 2.5 mgm. of chloride ion, and 2.5 mgm. chlorine as chlorite ion. 
Two chloride fractions were precipitated as before and then the chlorite ion 
remaining in the filtrate was reduced to chloride with potassium iodide and 
precipitated with silver nitrate. After removal of the precipitate by centri- 
fuging, the chlorate ion was reduced with sodium nitrite and precipitated as 
silver chloride. The distribution of activity as found in triplicate experiments 
is shown in Table I. 


In other experiments reported in Table I, the conditions of irradiation or 
treatment of the crystals were varied. In these tests, separations into only 
chloride and chlorate fractions were carried out, using the procedure of Ex- 
periment 1 but without the addition of perchlorate ion. 


In an experiment not reported in Table I, crystals of potassium chlorate 
were irradiated with 3200 roentgens of gamma rays of peak energy 24 + 0.5 
Mev. The percentage of the total activity which was found in the chlorate 
fraction was 10 + 2%. 

The results of previous workers on the Cl*7(”, y)ClI** reaction in crystals of 
sodium chlorate were confirmed by the bombardment of the solid with photo- 
neutrons from an antimony—beryllium source, which were slowed down in 
paraffin. The percentage of the total activity which was found in the chlorate 
fraction under these conditions was 1.5 + 1%. 
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2. Exchange Reactions 


The exchange between chloride ion and chlorine has been shown (10) to be 
rapid, so that it is not possible to determine whether the activity found in the 
chloride fraction was present in the solution of the crystals as free chlorine or 
chloride ion. The chemical separations in the experiments on the distribution 
of activity were carried out under conditions where the exchange between 
chloride and chlorite, and between chloride and chlorate are slow (13). This 
was confirmed by the following experiments. 


To obtain a solution containing radioactive chloride ion, crystals of irradiated 
sodium chlorate were dissolved in distilled water containing 0.5 mgm. of 
chloride ion. This solution was shaken with a solution of 1.0 mgm. of chlorine 
in carbon tetrachloride. Because of the rapid exchange between chloride ion 
and chlorine, a portion of the activity was extracted into the organic layer. 
The carbon tetrachloride solution was next shaken with an aqueous solution 
containing 1.5 mgm. chloride ion. The activity was exchanged further with 
2.0 mgm. chlorine in carbon tetrachloride and then back into 5 ml. of water 
containing 2.5 mgm. chloride ion. 


To investigate the exchange between chloride and chlorate ions, 1 gm. of 
unirradiated sodium chlorate was dissolved in the above solution. The chloride 
and chlorate fractions were separated and counted as silver chloride, following 
the separation procedure described previously. The chlorate fraction was 
found to contain 2 + 1% of the total activity. 


The exchange between chloride and chlorite ions was investigated by adding 
unirradiated sodium chlorate and 2.5 mgm. chlorine as chlorite ion to a solution 
of radioactive chloride ion prepared in the manner described above. The 
fractions were separated as described in Experiment 3. The chlorite fraction 
was found to contain 1.5 + 0.5% of the total activity. 


3. Investigation of Decomposition of Sodium Chlorate on Irradiation 


Attempts were made to determine whether gamma radiation of the intensities 
used in these experiments produced a chemically detectable decomposition of 
sodium chlorate into chlorine compounds of lower valence. 


To test for the formation of chloride ion, the turbidities produced by the 
addition of silver nitrate solution to solutions of known chloride ion concen- 
‘tration, to solutions of unirradiated sodium chlorate crystals, and to solutions 
of irradiated sodium chlorate were compared by means of a nephelometer. 
Both chlorate solutions were found to contain 0.05 + 0.02 mgm. of chloride 
ion per gram of sodium chlorate. 


Treatment of solutions of irradiated sodium chlorate with potassium iodide 
and acetic acid liberated no detectable free iodine under conditions where 
0.04 mgm. of chlorine as chlorine dioxide, chlorite ion, hypochlorite ion, or 
free chlorine per gram of sodium chlorate could have been detected. 
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It thus appears that decomposition of sodium chlorate by 1600 roentgens 
of gamma rays of peak energy 24 + 0.5 Mev. yields less than 0.02 mgm. 
chloride ion and less than 0.04 mgm. chlorine as compounds of intermediate 


valence. 


Discussion of Results 


The results of Experiments 1, 2, and 3 indicate that on solution of irradiated 
crystals of sodium chlorate, 91 + 2% of the total activity appears as the 
chloride ion or a chemical form rapidly exchangeable with it. The value of the 
percentage activity in the hypochlorite fraction, 2 + 3%, does not differ from 
zero by more than the experimental error in its determination. The small 
amount of activity found in the chlorite fraction in Experiment 3 can be ac- 
counted for by an exchange process between chloride and chlorite ion, as was 
shown by direct experiment. Exchange between chloride and chlorate ion, 
however, is insufficient to account for all of the activity isolated in the chlorate 
fraction. No activity could be detected in the form of perchlorate. 


The neutron capture reaction in sodium chlorate leads to a value of the 
retention of 1.5 + 1%, all of which can be accounted for by an exchange 
between chloride and chlorate ions in solution or during the separation process. 
It thus appears that the retention is significantly greater for the (y, ”) than 
for the (n, y) reaction in solid sodium chlorate. 


The betatron produces a continuous spectrum of gamma rays with energies 
up to a selected maximum value. The recoil energies of the Cl* nuclei will 
also be continuous up to a maximum value of 370,000 ev. for gamma rays of 
24 + 0.5 Mev. peak energy and up to 200,000 ev. for gamma rays of peak 
energy 18 + 0.5 Mev. As shown in Table I, the retentions are the same 
within experimental error for irradiations with gamma rays of either peak 
energy. 


The recoil energies in the (y, 2) reaction are due both to the momenta of the 
incident photon and, more important, the emitted neutron. If the product 
nucleus is left in an excited state which is stabilized by subsequent gamma 
emission a recoil on stabilization will also occur. Since the values of the recoil 
energy are greater than for the (m, 7) reaction, the increased retention in the 
(y, 2) process cannot be due to failure to rupture the bonds. 


There are several possible reasons for the difference in retention values 
between the (y, 7) and the (m, y) reactions in sodium chlorate. In the first 
place, the intensity of ionization produced in the crystal by radiation effects 
is much greater when the substance is exposed to the gamma ray beam than 
when bombarded with neutrons from a small neutron source. It is conceivable 
that radiation effects could bring about the re-entry into the chlorate ion form 
of the radioactive chlorine after its kinetic energy has been reduced to thermal 
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values. No evidence for this effect is found in the results of Experiments 4 
and 5. Experiment 4 shows that doubling the dosage of radiation did not alter 
the values of the retention within experimental error. Also, no change in this 
value was observed after postirradiation treatment of the crystals with low 
energy gamma rays, as shown in Experiment 5. The slight decreases in the 
percentage of the activity found in the chloride fraction after heat treatment 
of previously irradiated crystals at 125°C. for five minutes with or without 
subsequent exposure to low energy gamma rays are less than the experimental 
uncertainties, as shown by Experiment 7 and 8. 


A second possibility is that the greater re-entry of the chlorine activity into 
the chlorate form in the gamma induced reaction, as compared to the neutron 
capture reaction, is due to the greater recoil energy in the former case. When 
the energy of the recoiling Cl** atom is greater than about 34,000 ev., it is to 
be expected (8) that the recoiling atom will lose energy partially by producing 
ionization in the medium through which it moves. When the energy falls 
below this value, the recoiling particle can lose energy by two processes; first, 
by generating lattice waves which eventually degenerate into thermal motion, 
and second, by ejecting atoms from their normal lattice positions, thereby 
forming vacancies and interstitial atoms. It has been shown (11) that the 
fraction of the energy dissipated by the displacement of atoms decreases 
slowly as the energy of the particle decreases. 


The energy dissipated in lattice vibrations effectively causes a local heating 
of the crystal in the vicinity of the cooling recoil atom. Reactions activated 
by this high temperature may have some bearing on the form in which the 
cooling atom is eventually frozen into the lattice. An exchange reaction 
between the chlorine atom and the chlorate ion under these conditions would 
lead to re-entry of some of the radioactive chlorine into the chlorate ion 
form. 


Re-entry by means of the billiard-ball type of collision process discussed by 
Libby (8) is conceivable. In this mechanism, the recoiling chlorine atom, on 
ejecting an inert chlorine atom from a chlorate ion, has a certain probability 
of being left in the vicinity of the three oxygen atoms, with insufficient energy 
remaining to escape from the lattice cage, and so eventually reacts to form 
radioactive chlorate. 


It cannot be decided from the present experimental evidence whether re-entry 
is to be attributed to any one or all of these processes. 
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ISOTHERMS OF SULPHUR HEXAFLUORIDE IN THE 
CRITICAL TEMPERATURE REGION! 


By Kk. E. MacCorMaAck? AND W. G. SCHNEIDER 


Abstract 


Measurements of the P-V isotherms for sulphur hexafluoride in a small tem- 
perature range of approximately 1.5°C. in the critical region have been made to 
determine the validity of some theoretical considerations recently proposed. No 
evidence has bee found to support the postulates of Mayer with respect to 
anomalous second order transitions over a finite temperature range aboye the 
temperature of disappearance of a liquid meniscus designated Tm. All isotherms 
above the latter are found to have a finite slope and it is not possible to conclude 
that the Ty isotherm has a finite horizontal portion or ‘‘flat top’. These con- 
clusions are borne out by the nature of the isometrics which have been plotted 
and discussed qualitatively in relation to the existing theories. 


The temperature of meniscus disappearance Tm is estimated to be 45.547 + 
0.003°C. and at the previously determined critical density (1) of 0.7517 gm./cm.* 
the corresponding pressure is found to be 37.113 + 0.003 atm. The critical 
density was found to be approximately 0.73 gm./cm.° 


Introduction 


Investigations of the true nature of the critical region of a gas have now 
reached the stage where only extremely careful measurements of the physical 
properties of such a system will yield data sufficiently accurate to support or 
invalidate the several theoretical considerations put forward in recent years. 
The theory of Mayer (5) predicts a so-called ‘‘derby hat”’ region at the critical 
temperature. Whether such a region actually exists has so far not been con- 
clusively demonstrated. The ‘‘derby hat’’ region is characterized by a flat- 
topped liquid—vapor coexistence curve. The temperature corresponding to this 
flat top, designated by 7,,, is the temperature at which the visible meniscus 
disappears on heating. Above 7,, there is a finite temperature interval in which 
the PV isotherms have zero slope but which show no marked discontinuity in 
slope such as that which occurs below T,,. The highest temperature at which 


the slope (2) is still zero, but above which it is finite, is designated as the 
T 


true critical temperature, T,. 


Several attempts have been made to determine the shape of the coexistence 
curve near the critical temperature experimentally (1, 3, 4, 10), and at present 
the question as to whether the top of the coexistence curve is flat, or rounded 
as in the classical theory, must be regarded as unsettled. 


Measurements of the PV isotherms for carbon dioxide in the immediate 
neighborhood of the critical point have been reported by Michels, Blaisse, and 


1 Manuscript received April 18, 1951. : 
Contribution from the National Research Laboratories, Ottawa, Canada. Issued as N.R.C. 
No. 2478. 
2 National Research Laboratories Postdoctorate Fellow. 
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Michels. (7). Within the accuracy of their measurements, (27) was finite 

aV/r 
above 31.04°C. this temperature having been deduced from the measurements 
and defined as the critical temperature. However, since simultaneous obser- 
vations of the meniscus disappearance were not made, it is not clear whether 
this temperature is to be identified with the temperature T,, or T,. No cor- 
rection appears to have been made for the effect of ‘‘vapor head”’ on the mea- 
sured pressures. Owing to the high density of the vapor near the critical point, 
the hydrostatic head of the vapor (and also of the liquid when the system is 
confined above a mercury column) is not negligible and as shown below can 
seriously alter the slopes of the measured isotherms. Measurements of PV 
isotherms for the system ethylene near the critical point were carried out by 
McIntosh, Dacey and Maass (6) who reported zero slopes of the isotherms in 
a small temperature interval above the temperature of meniscus disappearance, 
although within the accuracy of the measurements the existence of a small but 
finite slope could not be excluded (8). 


Sulphur hexafluoride was chosen for the present measurements both because 
of its convenient critical properties and also because the coexistence curve for 
this substance had been measured previously (1). The experiments were de- 
signed so that: 

(i) The system could be stirred. 

(ii) Observations of the temperature of meniscus disappearance could be 
made. 

(iii) The necessary data for making a “vapor head” correction to the mea- 
sured pressures could be obtained. 


Method 


The arrangement of the apparatus is shown schematically in Fig. 1. The gas 
is confined to the thick-walled Pyrex glass bomb, A, whose volume, 29.855 ce. 
was determined by the gas expansion method described by Kaminsky and 
Blaisdell (2). With valves V; and V2 closed, the pressure within the bomb is 
transmitted to a dead weight piston gauge via the mercury U-tube, C, the 
mercury being adjusted to electrical point contacts at the level B by means 
of the injector and balancing weights. Under these circumstances, it is evident 
that all measured pressures refer to this particular level. This level, relative to 
the bomb, was determined by means of a cathetometer; the dimensions are 
indicated in Fig. 1. The implications of these dimensions will be discussed later. 
The system V;, V2, V3, A, C, was totally immersed in a rapidly stirred oil bath 
automatically controlled to + 0.002° by means of a Wheatstone bridge — photo- 
cell arrangement. During the course of an actual measurement this could be 
improved by temporary manual control. Temperatures were measured with 
an accuracy of + 0.001°C. by a platinum resistance thermometer in conjunction 
with a Leeds and Northrup Type G-2 Mueller bridge. 
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Fic. 1. Schematic diagram of apparatus. 


Pressures were measured using a piston gauge of the type designed by F. G. 
Keyes and eorrections applied as described in a previous paper (9). The sensi- 
tivity of this instrument was 2 X 107‘ atm., but temperature fluctuations of 
+ 0.001°C. gave rise to pressure fluctuations of + 0.001 atm. and these must 
therefore be considered the limits of accuracy of the pressure measurements. 


Sulphur hexafluoride which had been purified and analyzed by mass spectro- 
meter as described previously (1) was condensed into the evacuated bomb A 
from the previously weighed pressure container D. Valve V2 was closed and 
gas remaining in the connecting lines was recondensed in D at liquid air tem- 
perature. Vessel D was reweighed to 1 part in 2 X 10° (total wt. = 200 gm.) 
and the difference amounts to the mass of the filling in A. Small increments 
of gas could be removed from A by expanding into the small volume between 
valves V2 and V3; and condensing into D before weighing. One expansion served 
to remove approximately 0.1 gm. of SFs. The end point of such a condensation 
process was determined by opening valve V, to a thermocouple gauge E and 
measuring the line pressure. A McLeod gauge could not be used here because 
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of the possible condensation of mercury vapor in D. Glass-Kovar seals were 
employed at F in order to eliminate introduction of impurities from the alter- 
native metal—glass packing arrangements. The high-pressure valves V; and V2 
were so arranged that gas was not in contact with the Teflon packings when 
closed. The bomb A was equipped with a glass stirrer, as shown, to the upper 
end of which was sealed a piece of soft iron encased in glass. This was agitated 
by means of an external D.C. coil with a variable make-break interval of 
approximately 0.5 sec. 


In all cases where a liquid meniscus could be observed, the level was mea- 
sured by means of the cathetometer relative to the level B and also the base of 
the bomb. On completion of the experiments the bomb was calibrated using 
distilled water so that liquid volumes could be estimated with an accuracy of 
0.1 cc. by measuring the height of liquid SF. in the bomb. 


Treatment of Data 


(a) Liquid Volume Measurements 


_In the two-phase system at constant temperature, 

Vit+ Ve = Vr (1) 
where Vz, Vc, and V7 are the liquid, vapor, and total volumes respectively. 
If vz and vg are the equilibrium specific volumes (reciprocal densities) of the 
liquid and vapor respectively, and v is the over-all specific volume of the par- 
ticular mass filling, then the ratio of the masses of the vapor and liquid phases 
is given by, 

me _v—v _ Vor 





mL VG — Vv VivG 


my Ve = Vi (: — x) = (2) 
YG— Vv UL 


Combining Equations (1) and (2), 





or Vi = & « t (3) 
where k= Vr(vzve GS = UL) 
and C = Vr(vr/vG — v1) 


This means that the liquid volume should be directly proportional to the 
over-all specific density and since Vr is known, it becomes possible to estimate 
vy and vg for a given isotherm by plotting Vz vs. 1/v. At the temperature for 
which vz becomes equal to vg, the slope & of the isotherm will become infinite 
and the over-all specific volume at which this occurs will be the critical volume. 
All the isotherms will intersect at this value of 2. 
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(b) P-V-T Measurements 

As mentioned earlier, the effect of gravity on a column of gas is sufficiently 
large to influence the interpretation of P-V-T relations measured in a system 
such as that described. The approximate expression for the difference in pres- 
sure between two points in a vertical column of fluid of height 4(cm.) having 
a mean density # (gm./cm.’*) is given by, 


AP(atm.) = - 
76 Pug 





where py, is the density of mercury at 0°C. and 1 atm. Applying this relation 
to the present system as depicted in Fig. 1, it can be shown for example that 
for 6 = 0.73 gm./cm.’ the AP between level B and the bottom of the bomb is 
approximately equal to 0.020 atm. This is far larger than the accuracy with 
which P can be measured at level B. It is evident then that, in the case of all 
homogeneous systems measured, pressures must be corrected to correspond 
to the level M at which the critical meniscus would occur for it is this level 
which has a density equal to the mean density of the over-all mass filling. 
This level can be estimated from the point of intersection of isotherms plotted 
according to Equation (3). In calculating this correction, however, it must be 
assumed that the mean density in the upper regions of the tube is the same as 
the over-all mean density. In actual fact it will be somewhat less than this 
value. 


It is next necessary to consider the nature of isotherms lying below the 
critical temperature, i.e., an isotherm such as that marked XY on the con- 
ventional P-V diagram, Fig. 2. Here the rounded curve represents the liquid— 
vapor coexistence envelope. Let us suppose that V, is the measured mean 
specific volume which in reality occurs only at the level M in the fluid column. 
The volume designated vz is larger than V, and is the volume at that par- 






































Fic. 2. Diagram showing the effect of ‘‘vapor head" on the shape of a subcritical P-V isotherm. 
Measured DABCE. Correct—XY. 
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ticular temperature at which the first bubble of vapor would appear at the top 
of the column on lowering the temperature by a very small amount. If the 


pressure were measured at this point it would be plotted at (P,,,: Vi) marked 
A. As V; is increased to V2 the liquid level falls in the bomb to level 2 (see 
inset Fig. 2) and P,,, <P m, by virtue of the vapor head which is approximately 
equal to hy2P¢. This point (Pm: V2) is plotted at B. As V is further increased 
the liquid finally becomes a small drop at the base of the bomb where v¢ is the 
saturated vapor volume and the pressure is P,,,, since vz and vg are true 
equilibrium volumes. P,,,, the measured pressure, is less than P», by the 
amount h43c¢ and vg is smaller than the over-all measured volume V3. This 
point (Pm,: V3) is thus plotted at C. 

It now remains to consider the trend of the isotherm to the left of A and 
right of C where the system is homogeneous, liquid, and gas respectively. If 
the measured volume be 14, Pm, <P since Ps refers to the level WV near the 
center of the column where the volume is actually 1’,. This point is thus plotted 
at D. Finally, V5 should refer to Ps whereas the measured pressure Pm, <Ps by 
an amount approximately equal to 3/135. This point is plotted at E. 


Since (Py-Pm,) = $h134 is always greater than 3(P»,—P»,) the measured 
isotherm AD will never become coincident with the true isotherm. Conversely, 
(Ps—Pm,) = $hj3Ps is always less than 3(Pm,—Pm,) and as P; decreases the curve 
CE should ultimately coincide with the true isotherm. 


It becomes evident then that isotherms measured in this way will pro- 
duce a diagram quite unlike the classical shape, for the tie-line ABC will have 
a slope depending on the saturation vapor density Pg and the level above the 
liquid meniscus at which the pressure is measured. This will, of course, be 
negligible in all cases far below the critical temperature where the density of the 
saturated vapor is much less than that of the liquid. 


Results 


The maximum temperature of coexistence, 7,,, for sulphur hexafluoride 
was reported (1) to be 45.555°C. Isotherm measurements were confined to a 
range of temperature extending 1.5°C. above this temperature and to one lower 
temperature, 45.500°C. where two phases could be distinguished quite clearly 
by visual observation. The range of specific volume extended from 1.183 to 
1.604 cm.*/gm., i.e., a density range 0.8451 to 0.6233 gm./cm.* For all temper- 
atures and densities the measured pressures at the level B are recorded in 
Table I. Corrections have been applied to each of these pressures according to 
the methods outlined in the previous section. This may be summarized by the 
following relations: 

(a) Homogeneous cases, 

AP(atm.) = he—u 9/76 Px, 

(b) 2-phase case (corrected to meniscus level), 

AP(atm.) = /p-meniscus PG/76 P°Hg 
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where f is the mean density of the mass filling and Pg is the saturation vapor 
density for the particular temperature. For each temperature in Table I, the 
corrected pressures are given in the right-hand column. In order to compute 
correction (b) an estimate of Pg was made from liquid volume measurements 
and the application of Equation (3) at the temperature 45.500°C. By carrying 
out similar measurements at two lower temperatures, 45.000° and 45.300°C., 
it was possible to estimate the level of the liquid, at its maximum temperature 
of coexistence with vapor from the point of intersection of the liquid volume 
isotherms plotted in Fig. 3. This is the level marked M in Fig. 1 and was found 
to be 18.55 cm. below the measuring leve B. If the coexistence curve shows a 
unique value for the critical density this fiom Fig. 3 should again correspond 
to the density at the point of intersection, i.e., 0.73 gm./cm.* This cannot be 
expressed with any greater accuracy by virtue of the limitations involved in 
estimating liquid volumes by cathetometric methods in a nonsymmetrical 
bomb. The same limitations are, of course, involved in the estimate of the B-M 
distance but a 5% error would cause an error in AP no greater than the error 
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Fic. 3. Plots of total liquid volume vs. mean specific density. 
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involved in measuring the pressure. It is estimated, therefore, that the limits 
of error in P(Table I) should be + 0.0015 atm. 


The measured isotherms have been plotted as broken lines in Figs. 4 and 4A 
the solid lines referring to the corrected data. The qualitative nature of the 
opalescence at each point on these isotherms has been indicated by appropriate 
symbols for the sake of interest and the position of the opalescent envelope 
has been shown approximately by the broken line, A. It should be emphasized 
that efficient stirring was maintained during pressure measurements and no 
attempt was made to determine the coexistence curve as measured earlier by 
Atack and Schneider (1). By interpolation, their coexistence curve has been 
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Fic. 4. P-V isotherms for SF, showing the opalescence boundary—A; B, critical coexistence 


curve (Ref. (1)); C, corrected isotherm for two-phase range of specific volume. Measured iso- 
therms shown as broken lines. Corrected isotherms shown as solid lines. 
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Fic. 4A. P-V isotherms for SFs. Measured and corrected isotherms shown as broken and 
solid lines respectively. 





included in Fig. 4 (line B) showing that it lies slightly above the isotherm at 
45.550°C. where an apparently homogeneous system exists over the whole 
density range. There are two points on this isotherm, however, which showed 
very intense opalescence. 

During the time in which stirring was maintained this opalescence appeared 
to be of uniform intensity. The system of specific volume 1.379 cm.*/gm. did, 
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however, show a definite tendency to settle down on long standing (one-two 
hours) in the absence of stirring, giving rise to a gradient of increasing opal- 
escence from top to bottom of the bomb. Although the corrected isotherm lies 
just within the coexistence curve B the failure to establish a definite liquid 
meniscus at this temperature might be due to the existence of a discrepancy 
of two or three thousandths of a degree in the temperature measurements of 
the coexistence curve B (1) and those involved in the present work. A re- 
duction in temperature of 0.005°C. caused the definite establishment of two 
phases separated by a meniscus. 


With reference to the isotherm at 45.500°C., where two definite phases could 
be observed over the volume range 1.244 to 1.490 cm.*/gm., it is interesting to 
note that pressure corrections over this particular range serve to establish a 
horizontal isotherm as expected from conditions imposed by thermodynamic 
equilibrium. This should also be an indication of the high degree of purity.in 
the sample. 


From the data presented the value of 7, is estimated to be 45.547 + 0.003°C. 
and the corresponding pressure is 37.113 + 0.003 atmospheres. 


Finally it may be said quite certainly that within the limits of experimental 
accuracy each point showed very good reproducibility independent of thermal 
history or time effects during a measurement. 


Discussion 


From the isotherms plotted in Fig. 4 it can be concluded that the isotherm 
at 45.50° where a meniscus was definitely present at intermediate densities is 
horizontal when corrected for vapor head. At 45.55° which is very near the 
critical temperature, designated as T,, the isotherm is not horizontal; at all 
temperatures above T,, the slope of the isotherms is finite. Hence the present 
measurements do not support the theory of Mayer with respect to the slope - 
of the isotherms above 7,,. Likewise, the measurements on the coexistence 
curve of sulphur hexafluoride reported previously (1) indicate that the top of 
the coexistence curve is not flat. Thus for sulphur hexafluoride at least it ap- 
pears that the ‘‘derby hat”’ region at the critical point does not exist. It should 
be emphasized, however, that these conclusions do not necessarily invalidate 
the concept of molecular clustering at the critical temperature. 


The above conclusions appear to offer at least partial confirmation of the 
views expressed by O. K. Rice (8). On the basis of a thermodynamic treatment 
he has developed the theory to explain the ‘‘flat top” nature of the isotherm 
at Tm. It is almost impracticable, however, to establish the T,, isotherm and 
thereby investigate the validity of the ‘‘flat top’’ coexistence curve by the 
method described in this paper. The theory further predicts that the isotherms 
above 7 should have the finite slope observed in the present work. 


Since the value of (@P/dV)r must reach a zero value at the temperature 
estimated to be 45.547°C. independent of the shape of the coexistence curve, it 
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is therefore interesting to determine-the nature of temperature dependence of 
(8P/dV)r in the immediate vicinity of T. Michels and co-workers (7) who 
measured isotherms for carbon dioxide in the neighborhood of the critical point 
estimated the critical temperature, i.e., the temperature for which (@P/8V)r=0, 
by plotting the values of (0P/dV)r at the inflection points of the isotherms as a 
function of T. Only three points were used extending approximately over 1.5°C. 
above the critical temperature. The linearity of the relationship was claimed 
to be sufficiently good to warrant extrapolation of the line to the point where 
(9P/dV)r=0 in order to estimate the critical temperature and the results were 
not considered to support doubts as to the validity of the classical theory of 
the coexistence region. The present data for SF covers approximately the same 
temperature range, including five isotherms only 0.5° above the coexistence 
temperature. In Table II, the inflection values of (@P/dV)r are presented for 
each isotherm and these are plotted in Fig. 5. It is evident from the latter that 


TABLE II 


INFLECTION VALUES OF (OP/0V)7 








BoC. (OP/dV)7; atm. gm. cm. 





45. 500 0.000 
45.550 0.057 
45. 600 0. 067 
45. 680 0.110 
45.800 | 0. 139 
46.000 | 0. 223 
46.500 | 0. 440 
47.000 0. 690 





a linear relationship such as observed for carbon dioxide could not be assumed 
in this'case over the whole temperature range. Furthermore, the curve does not 
pass through the estimated coexistence temperature when (0P/dV)7r=0. Infact 
an extrapolation to zero (@P/dV)r would cut the temperature axis at approxi- 
mately 45.4°C. which is far below the observed coexistence temperature 
45.547°C. This means that the compressibility of the system is less than that 
which would be expected from classical theory for any given temperature 
within this particular range, i.e., 45.547 to 46.000°C. Moreover, it appears 
necessary for an abrupt change to occur in the temperature dependence of the 
compressibility when T,, is reached in order to establish the condition of zero 


(aP/aV)r. 


In Table III data for the isometrics (constant volume) are presented for two 
or three values of specific volume on each side of the critical volume. The 
corrected pressures are used and these have been plotted as a function of 
temperature over a range of approximately 0.5°C. in Fig. 6. For the sake of 
clarity only five isometrics are plotted. Over this short range these plots are 
definitely linear within the limits of experimental error. On a much larger scale 
it is possible to include the full temperature range of 1.5°C. and it is quite clear 
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Fic. 5. Plots of @P/OV) 7 vs. temperature. 


TABLE III 


ISOMETRIC DATA FOR THE CRITICAL REGION OF SF¢5 
(ALL PRESSURES CORRECTED AS DESCRIBED) 








dg Ras 
V 
cm.3/gm.| 45.550 45. 600 45. 680 





| 45.800 | 46.000 | 46.500 {| 47.000 
.190 | 37.150 | 37.195 | 37.268 | 37.381 | 











1 

1.270 | 37.121 37.163 37. 233 37.335 | 37.507 37.944 | 38.384 

1.290 -120 | - 161 . 229 .330 | . 501 932 | 38.366 

1.330 117 . 159 . 225 . 324 | - 492 911 38. 332 

1.370 -115 | -156 | . 221 | -319 | - 483 . 892 38. 301 

1.550 - 098 -136 | 196 | . 286 . 434 -804 | 38.170 
-1 








- 590 | - 088 - 126 | .182 | . 270 | -415 -775 38. 134 





that the isometrics on the high density side are concave upwards and con- 
versely downwards on the low density side. The isotherm at a specific volume 
of 1.37 cm.*/gm. is linear over the whole range. If a “flat top” did occur over 
an appreciable volume range, it should be possible to observe one point of 
intersection at the temperature T,, for all isometrics within this range. This 
is illustrated in Fig. 7, case (A), where isometrics over the volume range 6 to d 
all intersect at T,,. The branching should occur at lower temperatures for all 
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Fic. 6. Isometric plots. (Pressure vs. temperature at constant volume.) 


other isometrics. If the P-V isotherms above T,, did in fact possess a horizontal 
portion, it would be expected that isometrics would show a tendency to branch 
above the estimated value of 7. This is illustrated in Fig. 7, case (B), showing 
the occurrence of branching between T,, and T,. It is clear, however, from 
Fig. 6 that the values of (@P/dT), do not change very much over a fairly wide 
volume range and it would be difficult to decide whether in fact there were a 
small volume range for which intersections all occur at the value T,,. It does 
seem clear, however, that there is no tendency to branch above the temper- 
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— CASE (8) — 





























Fic. 7. Diagrams showing relationship between isotherms and isometrics. 


ature 45.547°C. estimated for T,, earlier. Indeed the three isometrics at spe- 
cific volumes of 1.29, 1.33, and 1.37 cm.*/gm. which all lie very close to the 
critical value previously determined (see Fig. 4) appear to intersect well below 
45.547°C. It would seem then that no ‘‘flat top” could extend over a range of 
density so broad. 
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A Semimicro Filtration Apparatus* 


This device is a modification of the sidearm test tube described by Wright (1) 
and others, and has been in use in this laboratory for several years. Its main 
function is the removal of insoluble impurities from organic compounds, prior 
to their crystallization for elementary analysis, measurement of infrared and 
ultraviolet spectra, optical rotation, etc. It is simply constructed by blowing a 
pear-shaped bulb on the end of a length of 8 or 10 mm. Pyrex tubing, bending 
the tubing at an angle of 120° about 5 cm. from the bottom of the bulb, and 
sealing a small sintered glass filter tube to the bent portion, rather closer to 
the bulb than to the open end of the tube. (See illustration.) The bulb may be 


& 





of any desired capacity, usually between 2 and 5 ml., depending on the amount 
of material to be handled and the solubility of the material. The.filter tubes 
are normally available** in three porosities, the most useful for this purpose 
being ‘medium,’ though it is desirable to have one ‘coarse’ for more viscous 
solutions. In addition, the volume of the funnel above the filter disc may be 
varied, a short barrel affording readier preheating by refluxing solvent. 


In use, the apparatus may be held by hand or in a clamp, or suspended in a 
3 in. retort ring, with the bulb pointing down. The sample to be recrystallized 
is placed in the bulb, along with the appropriate solvent, and heated over a 
hot plate until dissolved. The long neck acts as an air condenser, while the 
refluxing solvent serves to preheat the filter plate. Bumping is prevented by 
the addition of a small boiling chip, or by swirling the contents of the bulb, 
while concentration may be effected by inclining the apparatus so that some 
* Issued as N.R.C. No. 2477. 


** These micro filter tubes with fritted disc are made by the Corning Glass Works, and are easily 
available from the usual agencies. 
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of the solvent distills off through the neck. When the substance has completely 
dissolved, the apparatus is removed from the hot plate, tilted so that the filter 
tube is pointing down, and the solution forced into the crystallizing vessel by 
air pressure applied either by mouth, or with a rubber hand-bulb. If necessary, 
a silica gel moisture trap may be attached by means of rubber tubing. The 
fritted disc may be washed with a few drops of fresh solvent, while, if a pre- 
cipitant is required, such as petroleum ether, it may be added in the same way. 


The main advantages of this piece of equipment are as follows: 


1. Permanent all-glass construction avoids contamination of the specimen 
by stopper, filter material, etc. 

2. The sintered glass disc may be preheated by refluxing solvent. 

3. Filtration is under pressure, with the result that evaporation even of 
volatile solvents is cut to a minimum. This also avoids clogging of the filter 
by premature crystallization, and permits the use of more concentrated solu- 
tions, with consequent high recovery. 

4. Since most compounds being prepared for analysis are already pure, the 
apparatus is easily cleaned with standard solvents, while insoluble impurities, 


such as accumulated dust particles, may be removed periodically with cleaning 
solution. 


1. Wricut, G. F Can. J. Research, B, 17: 302. 1939. 
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Some Observations on the Copper Oxide Oxidation 
of Cholesterol 


In 1904, Diels and Abderhalden (5) reported that cholesterol treated at 
300°C. with finely divided copper oxide was oxidized to cholestenone in 60% 
of the theoretical yield. This ketone was characterized by melting point deter- 
mination and by combustion analysis. In addition, the oxime, semicarbazone, 
phenylhydrazone, and 2,4-dinitrophenylhydrazone were prepared and char- 
acterized. More recently, the oxidation of cholesterol was carried out in a 
similar manner by Diels, Gadke, and Kording (6), who characterized their 
reaction product by melting point determination only. 


This oxidation procedure was repeated a number of times in the present 
investigation. A crystalline product obtained by extraction of cooled reaction 
mixtures with diethyl ether melted at 80°C. after several recrystallizations and 
formed the expected phenylhydrazone melting at 145°C. However, selective 
ethanolic extraction of the reaction mixtures gave in a number of instances 
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another crystalline product (in yields as high as 40% of the theoretical), which 
also melted at 80°C. after recrystallization but failed to form a phenylhydra- 
zone. This second reaction product gave a positive color test with the sulphuric 
acid —acetic anhydride (Liebermann—Burchard (2,11)) reagent (in agreement 
with the qualitative findings of Diels and Abderhalden for their reaction pro- 
duct), while cholestenone prepared by us according to Oppenauer (13) and 
carefully characterized gave no color with this reagent. Subsequent ultraviolet 
absorption and optical rotation measurements characterized the product which 
formed the phenylhydrazone as the expected cholestenone (cholesten-4-one-3, 
[aly + 88.0°, €max = 15,725 at 240 mu) which, as a 17-alkyl-substituted 4: 5- 
unsaturated 3-ketosteroid, gives a negative Liebermann—Burchard color re- 
action (3). The reaction product which failed to form a phenylhydrazone but 
gave a positive Liebermann-—Burchard reaction was the better known of the 
intramolecular dehydration products of cholesterol, cholesterilene (choles- 
tadiene-3,5, [a]p — 90.0°, émax = 18,450 at 235 muy, with lesser €max at 229 and 
243 mu). 


It is evident that the reaction product described by Diels and Abderhalden 
contained the ketone cholestenone, because these workers prepared the deri- 
vatives listed above (oxime, semicarbazone, etc.); however, they made no 
mention of quantitative recovery of these derivatives. It is further apparent 
that the product obtained by these investigators also contained one or more 
steroids which give a positive Liebermann—Burchard color reaction. One such 
steroid might have been unchanged cholesterol, while a second, in the light of 
the present findings, might have been cholesterilene. 


This dehydration of cholesterol observed by us is not particularly sur- 
prising when one considers the observations of other researchers in the steroid 
field. For example, the simple heating of cholesterol has been shown by a 
number of investigators (1, 7, 14, 15, 17) to give either cholestenone or chole- 
sterilene or both. In addition, one or both of these steroids have resulted from - 
the distillation of cholesterol either alone or in the presence of zinc, nickel, 
copper, or other suitable metal catalyst (8, 9, 10, 12, 16). (Metallic copper is 
formed by the reduction of the copper oxide in the oxidation procedure under 
consideration. ) 


Although our experimental observations are not entirely unexpected in the 
light of these past researches, they strongly suggest that any product of the 
‘copper oxide ‘‘oxidation’’ of cholesterol should be carefully characterized. 
Combustion analysis is not the ultimate for such characterization because of 
the relatively high molecular weights of the compounds involved. Character- 
ization by melting point determination is also unsatisfactory, because both 
cholestenone and cholesterilene melt at approximately 80°C.; furthermore, 
there is little depression evidenced in mixed melting point determinations. 
The physical measurements of choice are those of optical rotation and ultra- 
violet absorption, as may readily be seen by comparing the experimentally 
determined values for the respective steroids. (A graphic comparison of the 
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ultraviolet absorption spectra of cholestenone and cholesterilene has been made 
by Cox and Spencer (4) in a consideration of the molecular structure of enol 
esters of cholestenone.) 
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Aryldiguanidines* 


Some aryldiguanidines were prepared by treating aryldiamines with cyan- 
amide. These are described below in the experimental section. 


EXPERIMENTAL** 

Tolyl-2,5-diguanidine 

Fifteen grams (0.077 mole) of 2,5-diaminotoluene dihydrochloride and 7.3 
gm. (0.174 mole) of cvanamide were covered with 35 cc. of absolute alcohol. 
Dry, oxygen-free nitrogen was bubbled through the reaction mixture while it 
was heated on a steam bath for eight hours. After the reaction mixture had 
cooled in the refrigerator, the solid was removed by filtration and washed with 
ethanol. The purplish-white solid melted at 283°-295°C. with decomp., yield 
18.09 gm. (84.3%). Two crystallizations from 95% ethanol raised the melting 
point of the 2,5-diguanidinotoluene dihydrochloride to 294°-295°C. with 
decomp. This dihydrochloride was previously reported (1) as melting at 290°- 
292°C. with decomp. 


* Issued as DRCL Report No. 64. 
** All melting points were determined on a Kofler block and are corrected. 
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Anal.*** Calc. for CgHieClaNe: C; 38.80; H, 5.74; N, 30-11. 
Found: C, 38.90; H, 5.67; N, 29.88. 


An aqueous solution of 1 gm. of tolyl-2,5-diguanidine dihydrochloride on 
treatment with a saturated aqueous picric acid solution gave 1.96 gm. (82.4%) 
of a yellow picrate melting at 170°-175°C. One crystallization from water 


raised the melting point to a constant value of 177.5°-177.9°C., yield 1.72 gm. 


Anal. Calc. for CoHooN 2Ou4: C, 38.00; H, 3.03; N, 25.30. 
Found: C, 37.96; H, 3.50; N, 25.15. 


Tolyl-3,4-diguanidine 

3,4-Diaminotoluene dihydrochloride (15 gm., 0.077 mole) and 7.3 gm. (0.174 
mole) of cyanamide in 35 cc. of absolute alcohol were heated as above for three 
hours. No solid was obtained on cooling the solution to 4°. A black, tarry 
residue remained after the alcohol was removed in vacuo under nitrogen. The 
tar was dissolved in 100 cc. of water and the solution almost saturated with 
potassium carbonate. The solution was allowed to stand at 4° several hours 
after which the tolyl-3,4-diguanidinium carbonate (17.55 gm.; 85.0%) was 
removed by filtration. The crude carbonate melted with decomposition at 
101°-104°C. with shrinkage at 95°. This melting point could not be improved 
by crystallization, therefore a sample (1.12 gm.) was dissolved in water and 
converted to the picrate in the usual manner. One crystallization from water 
gave 1.32 gm. (47.7%) of a yellow crystalline picrate melting at 238.5°-239.5°C. 


Anal. Calc. for CoiHooN 12013: c. 38.00; H, 3.03; N, 25.30. 
Found: C, 38.20; H, 3.11; N, 25.11. 


Anisyl-2,4-diguanidine 

Cyanamide (7.56 gm., 0.18 mole) and 15 gm. (0.071 mole) of 2,4-diamino- 
anisole dihydrochloride in 32 cc. of absolute ethanol were treated in the same 
manner as described above for the preparation of 3,4-diguanidinotoluene. The 
carbonate was obtained in 25.8% (5.2 gm.) yield. It melted over a range of 
165°-170°C. with decomp. A 250 mgm. portion of this product gave 512 mgm. 
(85.4%) of a crystalline picrate which melted at 252°-256°. One crystallization 
from water raised the melting point to a constant value of 259.4°-260.2°C. 


Anal. Calc. for CoiH29N12015: C, 37.06; H, 2.97; N, 24.69. 
Found: C, 36.88; H. 3.02; N, 24.55. 


Phenol-2,4-diguanidine 

A mixture of 6.4 gm. (0.152 mole) of cyanamide and 13.05 gm. (0.066 mole) 
of 2,4-diaminophenol dihydrochloride in 32 cc. of absolute ethanol was re- 
fluxed under nitrogen for four hours. The alcohol was removed in vacuo to give 
a purple colored, semisolid residue. This residue was treated with aqueous sul- 


*** Microanalyses by C. W. Beazley, Skokie, Jil. 
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phuric acid solution which contained 6.11 cc. of sulphuric acid (sp. gr. 1.84) in 
110 cc. of water. An immediate precipitate of phenol-2,4-diguanidinium sul- 
phate was obtained in 69.8% (14.12 gm.) yield. The crude product appeared to 
decompose at 282°-286°C. When this material was crystallized from 5% sul- 
phuric acid solution, crystals were obtained which charred at 287°-289°C. The 
decomposition point was indefinite. 


Anal Calc. for CsHy4N,0;S: c. 31.40; Hi, 4.58; N, 27.46. 
Found: C, 31.16; H, 4.89; N, 27.65. 

A 1 gm. sample of the sulphate was dissolved in water and converted to the 
picrate in the usual manner. The melting point of 210°-220°C. of the crude 
picrate was raised to a constant value of 219.5°-220°C. by two crystallizations 
from water, yield 0.47 gm. 

Anal. Calc. for C2oHisN 1201s: C, 36.00; H, 2.73; N, 25.20. 

Found: C, 35.83; H, 2.91; N. 25.01. 


1. Sarr, S. R., KUSHNER, S., BRANCONE, L. M., and SusBarow, Y. J. Org. Chem. 13: 924. 
1948. 
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